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Abstract. Nuclear safety concerns the development of the cause of putting
nuclear energy and technology to good use, environmental safety, and the pub-
lic interest. The public participation of nuclear safety is an important means of
popularizing safety knowledge and eliminating public concerns. Social psychol-
ogy is a branch of psychology that studies the social phenomena of individuals
and groups. In fact, the public participation of nuclear safety is a collective activ-
ity for citizens to integrate into nuclear safety and participate in nuclear safety.
The theoretical root of public participation is social psychology. Using social
psychology to analyze the behavior and ideas of various stakeholders in public
participation can effectively enhance the relevance and effectiveness of public
participation. Therefore, it is very important to carry out public safety research
based on social psychology. This paper investigates the present situation of public
participation of nuclear safety, and analyze the misunderstandings of current pub-
lic participation based on social psychology: Public participation requires a high
level of knowledge because more knowledgeable people are more supportive of
nuclear energy; The public must either support or oppose nuclear energy, with-
out a third option; Public opposition to nuclear energy is attributed to insufficient
public participation; Wrong views should be downplayed and will disappear over
time; Public participation is only the responsibility of dedicated staff. For these
misunderstandings, this paper proposes a follow-up to the recommendations of
public participation: Understand the conformity among individuals; Apply vari-
ous measures to engage people from different groups to improve the effectiveness
of public participation; Encourage extensive participation to create synergy; Step
up international cooperation to promote public participation.

Keywords: Public · Participation · Nuclear Safety · Social · Psychology

1 Introduction

Along with the development of China’s economy and society and the improvement
of people’s livelihood, the public has enhanced their awareness of the environment
and safety, and paid increasing attention to nuclear safety. Especially in the wake of
the Fukushima Daiichi nuclear disaster, public attention to nuclear safety has reached
an unprecedented level. Many people have demanded that nuclear power development
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should be slowed down or suspended. There are two main reasons for it. On the one
hand, the public have suffered psychological trauma from major nuclear accidents in
history, fearing that similar accidents will occur in nearby nuclear power plants. On the
other hand, they have little knowledge about nuclear or the safety of using nuclear energy
and technology, which remains mysterious. The anti-nuclear campaigns in places such
as Pengze County, Jiangmen City and Lianyungang City have fully demonstrated that
public acceptance instead of technology will hinder the further utilization of nuclear
energy and technology. Public participation is an efficient means to meet people’s right
to know and protect their legitimate rights and interests as well as an essential way to
supervise nuclear safety, thus playing a critical role in promoting the safe, efficient, and
sustainable utilization of nuclear energy and technology.

2 Relationship Between Public Participation in Nuclear Safety
and Social Psychology

Public participation in nuclear safety refers to a serious of systems and mechanisms
for stakeholders and the general public to participate in the decision-making process
by providing information, voicing opinions, making comments and expressing appeals
on major issues related to personal or public interests during the site selection, design,
construction, commissioning, operation and decommissioning of nuclear facilities to
make decisions more fair, legitimate and reasonable.

Social psychology, a branch of psychology for social psychological phenomena
of individuals and groups, studies psychological problems related to society. Based
on the interactions between individuals and society, social psychology studies the law
of development and change of individuals’ psychological activities in a certain social
context. Social psychology focuses on the interactions between society and individuals,
the explorations into social situations, and the internal psychological factors.

Overall, with the theoretical source of social psychology, public participation in
nuclear safety is an collective activity that involves the public in nuclear safety. It stresses
that ill-founded prohibition will further ignite people’s desire to explore the truth. There-
fore, it is important to plan public participation in nuclear safety in steps, particularly
when a nuclear project is approved and a nuclear accident occurs. Through the sound
communication between the government, operators of nuclear facilities and the public,
conflicts among them can be effectively prevented and resolved.

3 Current Situation and Problems of Public Participation
in Nuclear Safety

The utilization of nuclear energy and technology started relatively late in China. Though
public participation in nuclear safety had a even later start, it has been developing rapidly
andmade certain achievements. For example, theQinshan nuclear base inHaiyanCounty
and Tianwan nuclear power plant in Lianyungang City were listed as “demonstration
sites of industrial tourism”. As a result of several major nuclear accidents, including the
Three Mile Island accident, the Chernobyl disaster, especially the Fukushima Daiichi
nuclear disaster, public participation in nuclear safety has received growing attention
and played an increasingly important role.
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3.1 Current Situation of Public Participation in Nuclear Safety in China

In China, active participation is the primary form of public participation throughout the
overall life cycle of nuclear facilities from site selection to decommissioning. The content
of participation varies by the stage of nuclear facilities. In the stage of site selection, the
public can provide their opinions and suggestions according to the environmental impact
assessment report on nuclear facilities released by the government and operators. In the
stage of construction, they can learn about and advise on the preliminary design scheme
for environmental protection of nuclear facilities. During the operation period, they can
offer their inputs based on an understanding of the environmental impact of final design
and construction of nuclear facilities, the operation of environmental protection facilities,
and the implementation of environmental protection measures. In the decommissioning
phase, the public can also advise on the time andmethod of decommissioning, in addition
to the usage and final disposal of decommissioned nuclear facilities.

The main organizations for public participation in nuclear safety in China include
government agencies, operators, societies and associations. Government agencies
include the Ministry of Environmental Protection (National Nuclear Safety Administra-
tion), the National Energy Administration, the State Administration of Science, Tech-
nology and Industry for National Defence and local governments involved in nuclear
energy. China National Nuclear Corporation, China General Nuclear Power Corpora-
tion, State Power Investment Corporation, and China National Nuclear Corporation are
among the nuclear operators, while China Nuclear Energy Association and Chinese
Nuclear Society are examples of societies and associations.

The public can participate in nuclear safety through ways of telephone, fax, letter,
email,website, exhibition, lecture, open day and questionnaire.Government departments
will also hold press conferences, hearings and symposiums, which enable the public
to feed back their concerns to the government or operators and demand a response.
Currently, nuclear power enterprises have done a good job of public participation, some
government agencies and operators have set up a special team for public participation,
some have even established a committee for handling relations with the people living
around the plant site.

However, there is a lack of laws that support public participation in nuclear safety.
Existing laws only include the Environmental Impact Assessment Law of the People’s
Republic of China and the newly revised Environmental Protection Law of the People’s
Republic of China. The former provided that “The state encourages relevant entities,
experts and the general public to participate in the appraisal of the environmental impacts
in appropriate ways.” The latter stated that “The competent environmental protection
administrations of the people’s governments at various levels and other departments
with environmental supervision responsibilities shall disclose environmental informa-
tion pursuant to the law, improve public participation procedures, and facilitate citizens,
legal persons and other organizations to participate in, and supervise, environmental
protection work.”

In 2008, the Ministry of Environmental Protection (National Nuclear Safety Admin-
istration) issued the Implementation Measures for Public Participation in the Environ-
mental Impact Assessment of Nuclear Power Plants (Draft for Comment), which empha-
sized public participation in the site approval, construction and operation of nuclear
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power plants. It also clarified the relevant work of such plants concerning public par-
ticipation, including ways of participation, main content of participation, organizational
forms of participation, time requirements of participation, and principles of selecting
people for comment. In addition, it made clear that project construction units are the
subjects for engaging the public in environmental impact assessment activities of nuclear
power plants.

3.2 Problems of Public Participation in Nuclear Safety

After years of development, China has made certain achievements in encouraging pub-
lic participation in nuclear safety, but there are some misunderstandings as well. It is
critical to use the theory of social psychology to identify the shortcomings in public
participation and analyze causes of those misunderstandings. Based on analysis, the
misunderstandings about public participation in nuclear safety are as follows:

Misunderstanding 1: Public participation requires a high level of knowledge because
more knowledgeable people are more supportive of nuclear energy. Almost all staff
working on public participation are committed to the view that the public generally
lack the knowledge about nuclear energy, and see it as a main reason why they do not
support or even oppose nuclear energy. That’s not true, because more knowledge does
not necessarily result in greater support. A poll by Electricite De France (EDF) showed
that support for nuclear energy is not related to educational level. See Table 1 for more
details.

Table 1. Public knowledge level and attitude toward nuclear power

Knowledge level Oppose Support

Low 38% 31%

Relatively high 53% 53%

High 9% 16%

Total 100% 100%

This is a widespread phenomenon in social psychology. Social psychologists argue
that those who have a higher knowledge level and social status are more likely to act
on their independent values instead of the alleged authority. The values, once formed,
are stable and enduring, so nuclear knowledge should be imparted during the time when
values are informed rather than after they are developed.

Misunderstanding 2: The public must either support or oppose nuclear energy, with-
out a third option. Almost all people believe that they can only support or oppose nuclear
energy instead of staying neutral. However, according to the poll by EDF, 32% strongly
opposed the development of nuclear energy, 23%were highly supportive of nuclear, and
the remaining 45% stayed neutral. Those who neither support nor oppose nuclear energy
are critical for public support, and should be the target group for efforts to increase public
participation.
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Actually this is the so-called conformity in social psychology. It means that in
unknown andmysterious fields, the public have no idea of how to make a choice because
their information for judgment is vague. They’d rather wait for government decisions
and answers from authorities, and popularization of new knowledge.

Misunderstanding 3: Public opposition to nuclear energy is attributed to insufficient
public participation. Many practitioners in the nuclear industry consider insufficient
public participation as the reason for public opposition, and think that enhanced partici-
pation can lead to public support. In fact, stakeholders who are most sensitive to nuclear
energy pay much more attention to their own economic interests than nuclear safety.
The majority of opponents are not the people within the relocation area of or faraway
from the nuclear project, but rather those close to the project but outside the relocation
area. They generally believe that nuclear projects are acceptable only if “they are not in
my backyard”. It a tough issue in the public participation work to properly address the
effect of not-in-my-backyard (NIMBY).

It is the prevailing rational decision-making theory in social psychology. This theory
emphasizes that when making a choice, people will estimate different interests and their
costs, and choose the behaviors with minimum risks and maximum benefits. For this
reason, the top priority of public participation should be finding the balance of interest
between the public and operators that is accepted by the people.

Misunderstanding 4: Wrong views should be downplayed and will disappear over
time. Today, personnel in some government agencies and operators still have a fluke
mind that downplaying is the best solution to wrong views in reality or on the Internet,
which will disappear over a period of time. However, the opposite is true. Murphy’s laws
in social psychology indicate that: nothing is as easy as it looks; everything takes longer
than you think; anything that can go wrong will go wrong; if you worry about something
happening, it is more likely to happen. When you choose to downplay the wrong views,
instead of disappearing with time, theywill be long-lasting and be repeatedlymentioned,
thus exerting a greater influence. Then it will be much more difficult to deal with them.
Social psychology suggests that early persuasion is more effective, and bringing out the
facts and reasons when things occur only plays a fairly limited role.

Misunderstanding 5: Public participation is only the responsibility of dedicated staff.
Some staff of nuclear operators think they only need to their part to ensure the safety
of nuclear facilities, and public participation is the responsibility of the government.
This is actually one-sided thinking. Social psychology holds the opinion that when there
is a larger group of people who agree with some idea or take certain action, they will
exert greater pressure on individuals, the group will become more cohesive with more
consensus among its members, and individuals are more likely to follow the crowd.
Just as the saying goes, “Birds of a feather flock together.” Those who are of the same
gender with similar educational level, economic income, native place, occupation, social
status, social value and qualifications will more easily become attractive to each other.
Only when nuclear practitioners are involved to affect more people from the similar
background will public participation be further improved.
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4 Conclusions

Social psychology can help identify and avoid the misunderstandings about public par-
ticipation, improve the pertinence and effectiveness of public participation, and better
utilize nuclear energy and technology in China. Hence, the following suggestions are
provided:

4.1 Understand the Conformity Among Individuals

Social psychology stresses that conformity is more obvious in a more mysterious field
for two reasons: individuals want to be accepted by the group; individuals have limited
access to information. For some historical reasons, nuclear remains a mysterious field
for the public. Since many people are fairly ignorant about nuclear, conformity is quite
commonly seen. To deal with this problem, the two measures below can be helpful:

First, use the authority of the government. In countries with a credible government,
government decisions tend to exert huge influences on public opinions. Therefore, it is
imperative to enhance government credibility and timely issue authoritative opinions in
case of rumors or negative public sentiments to minimize their adverse effects.

Second, cultivate rolemodels and opinion leaders. Efforts should tomade to cultivate
role models and authority figures to guide the conformity behavior. Opinion leaders,
especially those on new media, should be fostered to guide the people’s acquisition of
correct nuclear knowledge.

4.2 Apply Various Measures to Engage People from Different Groups to Improve
the Effectiveness of Public Participation

People with a high level of knowledge and a high social status can make full use of
their resources to obtain related knowledge and make independent judgments. Given
this situation, nuclear knowledge can be imparted by integrating media, especially new
media, with lectures to persuade them with actual data. For student groups who are
forming values, science popularization can be adopted to help students master correct
nuclear knowledge and spread such knowledge among their family members. For the
general public with limited nuclear knowledge, government authority should be used to
provide the guidance they need. More often, government decision is exactly what their
attitude is.

Different measures should be adopted for people in various areas. For people within
the relocation area of nuclear projects, relocation grants should be reasonable. For those
outside the area but close to such projects, the NIMBY effect should be avoided through
two ways: improving the transparency of operators and providing the public with more
nuclear information to reduce information asymmetry; increasing material compensa-
tion to bring surrounding residents real benefits while enhancing mental compensation
through psychological guidance to ease their anxiety.

4.3 Encourage Extensive Participation to Create Synergy

Nuclear safety is a common issue which cannot be managed by any institution or com-
pany alone. In this context, the work for public participation requires concerted efforts
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from the whole industry as well as enhanced coordination between government agencies
and operators to create synergy for sustained progress. Meanwhile, social forces should
be fully engaged to help create a favorable public opinion atmosphere and improve
people’s nuclear knowledge so as to minimize public resistance.

4.4 Step up International Cooperation to Promote Public Participation

Nuclear safety transcends national boundaries. China should work with countries with
a high level of public participation in nuclear safety, pay attention to their problems and
avoid our previous misunderstandings. As a major country in the utilization of nuclear
energy and technology, France has developed its nuclear energy by virtue of advanced
technology, sound management and a transparent mechanism of public participation.
In the future, China should step up cooperation with other countries to jointly promote
public participation.
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Abstract. With the increase of heating demand, in order to further expand the heat
source channels and promote China’s clean heating work, this paper investigates
the development status of nuclear regional heating at home and abroad, explores
the development prospect of China’s nuclear heating industry, and discusses the
difficulties encountered in the future application and the corresponding solutions.
The research results show that China’s nuclear heating has broad development
prospects, but there are some problems in the construction of regional heating
network and the safety, reliability and economy of nuclear power plant operation,
and put forward targeted solutions, so as to promote thewide application of nuclear
regional heating and realize the sustainable development of economy.

Keywords: Nuclear energy · District heating · Clean heating · Advantages

1 Introduction

The heating area in northern China has reached more than 13 billion square meters,
increasing at a rate of 5%–10% per year, resulting in an increasing heating gap in many
cities [1]. At present, the main heat sources used are cogeneration units and regional
boiler rooms. The fuels used are still mainly fossil fuels such as coal and natural gas,
which has brought great pressure to the atmospheric environment and resource supply.
As a clean and efficient energy, nuclear energy is a major component of China’s energy
structure. At present, it has been widely used in power production. From January to June
2022, the cumulative power generation of the nuclear power generating units in operation
nationwide was 1989.99 billion kWh, an increase of 2.00% over the same period in 2021
[2], but it is rarely used in the field of regional heating. From the perspective of energy
utilization and green development, it is necessary to explore the prospect and application
path of nuclear energy in the field of regional heating, which is of great significance to
the sustainable development of central cities in heating regions in northern China.

Therefore, from the perspective of sustainable development, this paper explores the
development prospect of China’s nuclear energy heating industry on the basis of investi-
gating the application experience of nuclear energy district heating at home and abroad,
and discusses the difficulties encountered in the future application and the corresponding
solutions, so as to further expand the heat source channel, and make contributions to
improving the effective utilization rate of energy and building an environment-friendly
and resource-saving society.
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2 Development Status of Nuclear District Heating at Home
and Abroad

Nuclear heating is not a new concept. As early as half a century ago, there were nuclear
reactors for civil nuclear heating in Europe, mainly deployed in Russia, Ukraine and Bul-
garia, Georgia, Czech Republic and other countries. Due to the climate, the demand for
heat supply is large and widely distributed, and the heating network is relatively devel-
oped, which provides a prerequisite for the development of central heating [3]. With the
peaceful application of nuclear energy in power production, Switzerland, Bulgaria, Hun-
gary, Finland and other countries have conducted research on nuclear heating reactors
to meet the demand of urban central heating. For example, two 365 MWe pressurized
water reactor nuclear power plants of Beznau nuclear power plant in Switzerland began
to provide district heating for 11 surrounding cities in 1983 and 1984; The Kozloduy
nuclear power plant in Bulgaria has supplied heat to the city of Kozloduy since 1990;
There are four VVER-440 units in Paksh nuclear power plant in Hungary to supply
heat to Paksh city [4–8]; Finland provided a comprehensive district heating application
scheme for the first time in the project design stage [9]; The Bohunic nuclear power sta-
tion in Slovakia not only generates electricity, but also supplies heat and industrial steam
to the city of Ternava. The former Soviet Union, Canada, France and other countries
developed district heating as an important part of the energy system, conducted fruit-
ful research and development on the special low-temperature heating nuclear heating
reactor, and successively built a series of verification and demonstration reactors [10].
SAFA’s research shows that the nuclear reactors currently in operation can effectively
realize large-scale district heating through transformation, which opens up a new path
for the efficient utilization of energy in the future [11].

By 2022, there are 438 nuclear reactors in operation in theworld, with a total installed
capacity of 393.3 GWe, of which 56 units support regional heating, more than 10% of
the total, mainly distributed in cold European regions [12]. Heating reactor types include
pressurizedwater reactor, heavywater reactor, graphite water cooled reactor, fast reactor,
etc., with thermal power output between 5–240MW. The total distributed thermal power
is about 5000 MW, and the average energy recovery rate is less than 5% [13]. In many
cases, heat is used to supply nearby cities several kilometers away from the nuclear
power plant.

In China, the history of research and development of nuclear heating reactor can be
traced back to the 1980s. In 1983, Tsinghua University realized the first nuclear low-
temperature heating experiment in China on the pool research reactor; In 1984, the State
Science and Technology Commission approved the construction of a 5 MW nuclear
heating test reactor [14] in the Nuclear Energy Institute of Tsinghua University; Since
1986, low-temperature nuclear heating has been officially listed as the national “Seventh
Five Year Plan” science and technology project; In 1989, the 5 MW low-temperature
nuclear heating reactor was officially started up, and then the 72 h full power continuous
operation experiment was successfully completed [15]; In 2017, CNNC took the lead
in making a breakthrough in nuclear heating and released the “Yanlong” reactor with a
thermal power of 400 MW [16]. “Yanlong” is a safe, economic, green and environment-
friendly reactor product developed by CNNC for the heating needs of northern cities on
the basis of the safe and stable operation of the pool type research reactor for more than
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50 years; In 2019, the first commercial nuclear heating project in China, the first phase of
the first phase of Shandong Haiyang nuclear heating project of State Power Investment
Group Co., Ltd., was officially put into use, covering an area of 700000 m2. The heating
range is the staff dormitory and more than 30 surrounding residential areas; In 2020,
the National Nuclear demonstration organization held the feasibility study review of
CAP1400. The maximum extraction capacity of the nuclear heating project is 800 t/h,
which is designed in combination with the future heating planning of Weihai City, and
is expected to be the main heat source of central heating.

Through the research on the development status of nuclear district heating at home
and abroad, it is found that the development of nuclear district heating in foreign countries
started earlier and the related technologies are relatively mature, and large-scale district
heating has been realized. Its technology and development strategy have certain reference
significance for China; Domestic nuclear heating started late and has not been widely
used nationwide. However, the theoretical foundation has been established through the
research of test reactor. Various enterprises are also actively promoting nuclear heating
projects and continuously accumulating practical experience to provide a solid foun-
dation for the promotion and application of nuclear heating. Therefore, nuclear district
heating has a broad development prospect in China.

3 Advantages of Nuclear District Heating

At present, there are two ways of nuclear district heating in China. One is the single
heating mode. The reactor in this mode does not need to generate electricity, and can
be designed with smaller power and lower parameters. Generally, the heating capacity
of a single module is about 200 MW, which is suitable for cities or counties with small
heating area and small population [17]; The other is the nuclear power cogeneration
mode, which extracts part of the heat from the steam turbines of large nuclear power
plants and provides heat while generating electricity. It is suitable for cities with large
population. Compared with traditional coal-fired and gas-fired heating, nuclear heating
has significant social and environmental benefits,without any smoke, ash, carbide, sulfide
and nitrogen oxide emissions. It is a truly “zero emission” energy technology. Nuclear
district heating has advantages in technology, environment and energy utilization, which
are mainly divided into the following points.

3.1 Technical Advantages

For the single heating mode, the technical advantages of nuclear heating are mainly
manifested in low-temperature heating. In traditional boiler heating, the fuel combustion
must maintain the high temperature of the furnace, even if the supply of low-temperature
heat cannot be reduced. The nuclear fission reaction reacts at any temperature. If only
low-temperature heat is required, the reactor can work at low temperature and low
pressure, which can simplify the reactor structure, improve safety and reduce cost. In
addition, nuclear power is transformed from nuclear power, which will release a lot of
heat during the reaction process, and the direct utilization of reactor heat energy can be
fully realized.
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Due to the technical characteristics of low-temperature heating, the nuclear heating
reactor has the characteristics of low operation cost, convenient maintenance, long ser-
vice life, high safety, strong adaptability to the plant site, technically canceling off-site
emergency, etc. it can be close to users and built in the plant site areas around the city
and in remote inland areas, thus making it possible to supply electricity, heat, water and
cold energy. After the batch and modular construction, the construction and deployment
time of the nuclear heating reactor will be greatly shortened. It can be completed in only
2–3 years, and its economy will be improved.

3.2 Environmental Protection Advantages

Compared with fossil energy heating, nuclear heating has significant environmental
benefits. It is estimated that a 200 MW nuclear heating reactor can meet the winter
central heating demand of about 7.5 million square meters, and can replace 160000 t
of coal or 80 million m3 of gas every year. Compared with coal, it can reduce the
emission of 1600 t of smoke, 50000 t of ash, 260000 t of carbon dioxide, 3000 t of sulfur
dioxide and 1000 tons of nitrogen oxides. Compared with natural gas, it can reduce
carbon dioxide emissions by 130000 t and nitrogen oxides by 500 t. The emission of
radioactive substances is only about 2% of that of coal [16].

At present, the heat source of heating inChina is still cogeneration and regional boiler
room, and the fuel used is still coal. The emission of coal is the main cause of winter
haze in northern China. If nuclear heating is used to undertake the basic urban heat load,
it can not only solve the shortage of heat sources, but also achieve clean heating, so as
to alleviate the winter haze in northern cities, which is of great significance for urban
development and environmental protection.

3.3 Energy Utilization Advantages

For the nuclear district heating mode of cogeneration, any heat extracted from the sec-
ondary circuit will reduce the power output of the nuclear power plant, but the increase of
thermal power will compensate for the power loss. According to the energy and exergy
analysis, under the cogeneration mode, the performance of the nuclear power plant can
be improved by 5–10%. Improving the energy utilization is a major achievement of
nuclear cogeneration [18–20]. For the single heating mode, reactor heat can be directly
used for heating. Compared with the conversion of heat energy into electric energy, the
efficiency of direct heat utilization will be higher. Based on the two methods, district
heating can improve the energy efficiency of nuclear power plants and realize low-cost
heating network.

To sum up, nuclear district heating has advantages in technology, environmental
protection and energy utilization. Compared with traditional coal-fired heating, the pool
type low-temperature heating reactor reactor has a service life of 60 years, and the
construction investment is about 2 to 3 times that of coal-fired boilers of the same scale.
However, the operating cost is much lower than that of coal-fired boilers, and the service
life reaches 60 years, which is 2 to 4 times that of coal-fired boilers. It is economically
feasible [21].
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Therefore, from the aspects of technology, environmental protection and energy
utilization, nuclear heating is the development direction of regional heating in China in
the future, and has broad development prospects.

4 Problems and Solutions of Nuclear District Heating

Based on the above analysis of the advantages of nuclear district heating, nuclear district
heating is an effective means to achieve green development and efficient operation, and
has a good development prospect. However, the progress of nuclear heating with many
advantages is very slow, and there are many difficulties in its application in China at
present. Through the study of the domestic status quo, this paper discusses the specific
problems existing in the field of nuclear district heating in China, and draws lessons
from foreign experience, puts forward practical and feasible solutions to promote the
clean heating work in China and promote the popularization and application of nuclear
district heating.

4.1 Selection of Reactor Type Scheme

In terms of reactor type selection for district heating, the heat sources of nuclear district
heating in Eastern European countries are large-scale commercial reactors with mature
technology, which have a large heating range, form economies of scale, and adapt to the
cold climate and intensive heating demand in Eastern Europe. However, the application
of large-scale reactors in regional heating inChina is very limited,mainly for two reasons:
first, China’s nuclear safety regulations require that the radius of the planned restricted
area of large-scale nuclear power units should be at least 5000 m. When nuclear power
plants are used for heating urban residents, they should be at least 10 km away from the
development boundary of cities and towns with a population of more than 100000 and at
least 25 km away from the development boundary of cities and towns with a population
ofmore than 1million, Thus, the number of heating residents around large nuclear power
plants is limited; Secondly, in terms of the scale of heat sources, the current power of
China’s main heating units is between 200 MW and 300 MW, and the power of large-
scale commercial reactors is about 1000 MW, which is too large for regional heating
capacity.

In recent years, the concept of small reactor has been put forward internationally. The
small reactor is a 330 MW integrated pressurized water reactor developed by KAERI
(KoreaAtomic Energy Research Institute) together with domestic users and suppliers for
power generation, seawater desalination or district heating [22, 23]. Different from the
traditional large-scale pressurized water reactor, the small-scale reactor installs the core,
steam generator, pressurizer, control element drive mechanism, main coolant pump and
other main components in a steel pressure vessel. This innovative and progressiveness
overall arrangement enhances the safety, reliability, performance and operability of small
reactors, andhas been fully proved in the commercial operation of foreign power reactors.

Although small reactors lack the economies of scale of large reactors, due to their
system simplification, reactor system modularization, component standardization, fac-
tory manufacturing and easy on-site installation, the installation cost of large pipelines
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and valves is reduced, and their small floor space also reduces the construction cost and
improves the economy of the reactor to a certain extent. On the other hand, small-scale
reactors have small thermal energy storage and less decay heat after shutdown.Moreover,
passive safety systems arewidely used,with high safety performance. Theoretically, they
can be built around densely populated areas such as large cities. Small-scale reactors are
more suitable as heating sources in urban areas.

The modular small reactor ACP100, modular high temperature gas cooled reactor
HTP-PM and 200 MW low temperature heating reactor currently being developed in
Chinabelong to the categoryof small reactors andhave the potential to be applied to urban
heating. As for the heating mode, the longest heating period in northern cities of China
is only 6 months. If the simple heating mode is adopted, the economic competitiveness
is poor, and the domestic thermal power cogeneration mode is more suitable. Therefore,
it is relatively reasonable for China’s nuclear power district heating to adopt the scheme
of small-scale reactor cogeneration with high safety.

4.2 Construction of District Heating Network

At present, nuclear power plants are mainly used for power production. For safety rea-
sons, their location is far away from residential areas, so they need a long district heating
network. China has not yet developed a heating network, but there is a mature heat-
ing network in the cold northern region of Europe. Considering the climate, population
density, energy price and other factors, the proportion of citizens for district heating
increases from south to north, and the heating network is mostly distributed in areas
with high population density and low energy availability.

The operation mode of heat supply network is similar to that of power grid. A large
thermal transmission line is transmitted to the secondary pipeline and finally to the local
distribution network at the customer’s end. The district heating network sector benefits
from improved communication, control and regulatory systems. For example, sensors
that detect leaks or hot spots can relay this information to the control room to improve
maintenance. However, the construction cost of heat transmission trunk line is high,
which will determine the economic feasibility of the project. However, with the rise of
energy prices, the demand for heating in the region is also rising. The combination of
cogeneration plant and district heating is an efficient heating method, which can keep
the heating price of users at a reasonable level.

According to the characteristics of heat supply areas in China, the cold regions in
the north have a large population and dense urban buildings, which are suitable for the
development of central district heating. The heating network can start from small and
scattered, and then gradually grow and connect with each other over time, thus avoiding
the need for a large amount of initial investment.

4.3 Operation and Coupling of Nuclear Power Plant

The nuclear district heating technology has not yet had mature commercial operation
experience inChina. The coupling technology between the reactor type itself and the heat
supply network is one of the difficulties. The main challenge is to prevent radioactive
substances from entering the heat supply network. Referring to the experience of foreign
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district heating, the nuclear power plant can be coupled to the district heating system
by referring to the mode of cogeneration power plant. First, multiple closed loops are
set between the primary loop of the reactor core and the end user to prevent the risk of
radioactive contamination. Secondly, a specific loop is set to separate the user from the
main heat transfer loop. Thirdly, an isolation valve is set on the main transmission circuit
to prevent any material exchange between the reactor and the local power distribution
network. Finally, ensure that the water pressure in the main transmission circuit is higher
than the steam pressure, so as to prevent the secondary steam from entering the heat
transmission circuit in case of accidental leakage of the hot water heat exchanger pipe.

By taking the above defensive measures, even if the reactor steam generator and
water heat exchanger leak at the same time, the reliable operation of the nuclear power
district heating system can be ensured.

4.4 Safety of Nuclear Power Plant

Although the safety of nuclear district heating is basically the same as that of nuclear
facilities, there are some specific safety problems in the coupling between nuclear power
plants and district heating systems. In the cogeneration mode, unlike nuclear power
generation, which uses seawater, rivers or cooling towers as cooling, the heat transfer
network system also plays a major role in cooling. Any failure, such as pipe rupture or
heat exchanger defect, will affect the cooling performance of nuclear components. On
the other hand, due to its huge heat capacity, the heat transmission line also provides
an alternative radiator for the nuclear power plant. In this sense, the district heating
cogeneration facility can even improve the safety level of the nuclear power plant. In
addition, small reactors are in the initial stage in China and around the world. Although
most of the current small reactor schemes apply the passive concept, simplified system
design and mature equipment, and the theoretical core melting probability is very low,
the safety still needs to be verified by demonstration projects.

At present, Liaoning, Shandong and other provinces in China have begun to build
large-scale nuclear power projects, which can be used as the transition of small-scale
reactor district heating. Nuclear power plants under construction or to be built in the
north can be selected as the pilot of cogeneration, and relevant mature technologies
in the world can be used for reference to heat the living quarters in the plant area
or small towns around the power station. Through the pilot, the safety of the coupling
technology between the nuclear power plant and the thermal pipe network can be verified,
and the nuclear engineering experience can be accumulated for the subsequent gradual
promotion of the coastal small reactor project.

4.5 Economy of Nuclear Power Plant

According to relevant foreign studies, the total cost of district heating system can be
divided into design cost, investment cost and operation cost [24]. Design cost refers to
the expenses that must be paid before the construction stage, such as market research,
safety analysis, public acceptance survey, etc. The investment cost refers to the construc-
tion and installation cost of infrastructure, such as the transformation of the secondary
circuit of the power plant, the laying of the heat transmission pipeline, the connection
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of the distribution network, etc. Operation and maintenance costs refer to the expenses
related to the operation and maintenance of the project, such as the salaries of operation
and maintenance personnel, maintenance expenses, etc. Different from nuclear power
generation, district heating needs to lay a thermal network, so the construction cost of
thermal transmission pipeline is a part that needs to be paid attention to in the future,
and the economic benefit can be improved by controlling its cost. At the same time,
the preliminary planning and design should be connected and coordinated with the built
heating pipelines to lay the foundation for the systematic and large-scale development
of the municipal heating network and improve social benefits to a certain extent.

The nuclear district heating technology has little commercial operation experience
in China. At present, there are no relevant regulations and technical regulations. If the
technical specifications of nuclear power generation reactor are simply applied, it will
have an impact on the economy. Relevant departments can improve the laws, regula-
tions and standard system of nuclear heating reactors through scientific evaluation of
small-scale reactor demonstration projects, large-scale reactor cogeneration, large-scale
nuclear power generation and other projects. In addition, compared with large reactors,
if small reactors are used for district heating, the unit construction cost will rise due to the
decline of reactor scale, and the economy will face greater challenges. Therefore, in the
early stage of the development of nuclear district heating, it needs the strong support of
the state and the government to increase subsidies, so as to make nuclear district heating
competitive in the market.

5 Conclusions

As a safe and efficient clean energy, nuclear energy has multiple advantages of low-
carbon and clean heating, simple system and high energy utilization rate, which can
effectively alleviate the increasingly severe atmospheric environment problems caused
by the burning of fossil energy. Exploring nuclear regional heating is of great signifi-
cance for the sustainable development of central cities in North China’s heating regions.
From the large number of operating experience of nuclear heating units in the world,
nuclear district heating, especially cogeneration, is technically mature and safe. There-
fore, China has the conditions and technologies for urban nuclear district heating, which
can be transformed into scientific and technological achievements suitable for domestic
development on the basis of existing nuclear technology and international experience.
Nuclear district heating has broad development prospects.

The small-scale reactor under development in China has the characteristics of sys-
tematic modularization and small scale. It is likely to be arranged around large cities as a
regional heating source. It is a promising heating reactor type. The scheme of small-scale
reactor cogeneration for nuclear district heating in China is relatively reasonable, but
it still faces great challenges in terms of safety, economy and reliability, which brings
difficulties to the application of nuclear district heating.

In order to effectively deal with the difficulties faced by the development of small-
scale reactor combined heat and power supply and promote the application and popular-
ization of nuclear heating, this paper puts forward practical suggestions: a) reasonably
plan the heating pipeline according to the needs of users, change from small scattered
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to interconnected, and gradually improve the construction of regional heating network;
b) The multi loop loop circuit is designed to realize the coupling between the nuclear
reactor and the heat supply network and improve the reliability of the operation of the
nuclear power plant; c) Select large-scale nuclear power projects as the pilot of cogen-
eration, gradually promote the small reactor type heat supply project, accumulate engi-
neering experience, and improve the safety of nuclear power plants; d) Select reasonable
pipeline materials and laying methods, control the cost of thermal transport pipelines,
and improve the economy of nuclear power district heating system. Through the above
measures, promote the popularization and application of nuclear district heating, and
realize low-carbon economy and green sustainable development.
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Abstract. As one of the areas with highest radiation risk in nuclear power plant
with neutron and gamma ray radiation emitted from the reactor core, the reactor
pit in reactor building has great radiation impact on personnel radiation safety by
neutron. In order to further improve the shielding design effort of reactor pit, the
MC-MCcoupledmethod is developed.By applying theMCNPcode andSuperMC
code, the variance of the effective dose rate and thermal neutron flux inside the
reactor pit is lower than 5% by consuming 6.7 h. The result shows that theMC-MC
coupled method can effectively solve neutron shielding problem in large scale or
in complex space.

Keywords: Neutron design · Reactor pit · Monte carlo · MCNP · MC-MC
coupled method

1 Introduction

The reactor pit in reactor building, as one of the areawith highest radiation risk of neutron
radiation in reactor building, is a neutron shielding design object with main focus [1,
2] Accurate neutron shielding analysis is carried out in order to minimize the neutron
radiation risk and meet the requirements for personnel access to reactor pit. Hence, in
order to analyze neutron shielding design problem of large-scalemodel accurately, a new
analysis methodology that meets shielding design requirements should be established.

2 Development of Neutron Shielding Design for Reactor Pit

2.1 Methodology Development of Neutron Shielding Analysis

At present, two neutron shielding analysis method is widely used in the field of nuclear
engineering: the deterministic method represented by the discrete ordinate method and
the Monte Carlo (MC) non-deterministic method [3]. The discrete ordinate method is
mostly used to deal with engineering problems that can be simplified to one-dimensional
or two-dimensional problem, while Monte Carlo method is for stochastic simulation of
neutron behavior by computer. Although Monte Carlo method can simulate complex
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geometry with high accuracy, slow convergence speed greatly influences its engineering
application.

Due to the structural complexity and large-scale characteristics in nuclear power
plant (NPP), neutron shielding problems with large and complex geometric is usually
solved by coupled multi-dimensional calculation method [4–6]. Therefore, the MC-MC
coupledmethod, which can decompose onemodel into continuous parts, is established to
solve this type of problem. TheMC-MC coupled method not only has high reliability on
calculation results, but also has low accuracy loss during continuous calculation. Hence,
MC-MC coupled method has been widely used to solve neutron shielding problem of
large nuclear facilities due to the above advantages.

2.2 Development of Neutron Shielding in Reactor Pit

In order to shield the neutron generated by the reactor core, differentNPPs adopt different
structural design and shielding design to establish a sufficient shielding effect.

As shown in Fig. 1, the reactor pit and its passage in EPRNPP is built up by concrete
wall with a watertight door at the egress of the reactor pit passage. Since the egress is on
the second floor above the reactor pit passage, the access process of personnel includes
stair climbing activity.

Fig. 1. Access Process of Reactor Pit in EPR NPP

Similar to EPR NPP, the access process in AP1000 NPP which is shown in Fig. 2
also includes stair climbing.

As for CPR NPP, an iron-made shielding door with 7 cm thick is installed at the
egress of the reactor pit passage. Furthermore, unlike the reactor pit in other types of
NPP, the egress and the passage of CPR is on the same floor (Fig. 3).

For the reactor pit in HPR1000 NPP, the design experience of EPR has been referred
and a airtight door instead of watertight door is installed at the egress of the reactor pit
passage (Fig. 4).
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Fig. 2. Access Process of Reactor Pit in AP1000 NPP

Fig. 3. Access Process of Reactor Pit in CPR NPP

Fig. 4. Access Process of Reactor Pit in HPR1000 NPP
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3 Establishment of MC-MC Coupled Method

3.1 Process of MC-MC Coupled Method

The current simulation program capable with MC-MC coupled method are MCNP code
and SuperMC code developed based onMonte Carlo algorithm. These two programs can
not only read andwrite standard surface source, but can also record accurately the particle
trajectory information passing through the continuous surface as source distribution
input for the continuous calculation. The MC-MC coupled method can greatly reduce
calculation time and save computing hardware on the premise of ensuring result accuracy.
Hence, these two programs are both suitable for solving large-scale neutron shielding
problems such as reactor pit in NPP. The process of MC-MC coupled method is shown
in Fig. 5.

Fig. 5. The Process of MC-MC Coupled Method

3.2 Selection Principle of Continuation Surface

The reliability of the calculation result by MCNP or SuperMC code depends on its
statistical error. In addition, as the statistical error is transitive in the process of MC-MC
coupled method, the statistical error of the surface flux density should be controlled to
ensure that the influence of statistical error transfer is acceptable on the reliability of the
results when selecting the continuation surface.

The integral calculation is taken as an example to briefly describe the calculation
process of the Monte Carlo sampling calculation method. The integral to be computed is
treated as themathematical expectation of a randomvariable f(x) obeying the distribution
density function p(x):

F =
∫

f (x)dx (1)
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With ∫
p(x)dx = 1 (2)

Through sampling experiments, sub-samples x1, x2 . . . xn can be drawn from the
distribution density function p(x), and the arithmeticmean f of the corresponding random
variables f (xi) is the Monte Carlo estimation of the integral value F of the values:

f = 1

n

∑n

i=1
f (xi) (3)

The unbiased estimate of statistical error σ 2 is calculated by formula (4):

σ 2 = 1

n

∑n

i=1
[f (xi) − f )]2 (4)

As statistical error is transitive in formula (3), the total value of the statistical error
after n times of consecutive calculation is approximately as formula (5):

σ =
∏n

i=1
(1 + σi) − 1 ≈ σ1 + σ2 + · · · + σn (5)

Hence, the calculation results byMCNP code or SuperMC code is reliable onlywhen
the statistical error of calculation result is within 10%. According to the above analysis,
for a two-step connection problem, the area with the statistical error of the surface flux
density less than 5% should be selected as the spatial connection surface to ensure that
the final result of the connection calculation is reliable.

4 Application of MC-MC Coupled Method for Reactor Pit
Shielding Design

Take one Chinese NPP as an example. By applying MC-MC coupled method, the neu-
tron shielding design problem of reactor pit can be evaluated accurately with less time
consumed.

The general shielding design objectives for the NPP during normal operation is
to ensure that the radiation exposure to personnel is ALARP and within the limits of
radiation regulations. As the neutron radiation emitted from the reactor core is one of
the predominant contributors to the reactor pit and its passage, specific shielding design
objectives of reactor pit egress are as follows:

1. the area dose rate should not exceed 1 mSv/h;
2. the thermal neutron flux should not exceed 1.00E + 05 n/(cm2.s).

4.1 Calculation Assumption and Modeling

As the reactor pit is complex and is in large scale, theMC-MC coupledmethod is suitable
to solve the neutron shielding problem of this area. Based on conservative assumption,
the neutron passing through the continuation surface are assumed to be all reflected into
the reactor pit passage. By referring the actual structure of the reactor pit, the calculation
model is established in Fig. 6 by SuperMC code.
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Fig. 6. Three-Dimensional View of Reactor Pit Passage Model

4.2 Calculation Process and Result Analysis

Based on the calculation assumption and modeling analysis in Sect. 4.1, the environ-
mental effective dose rate and neutron flux are analyzed by MC-MC coupled method.
The advantage of the methodology would be found through the calculation process.

A) Neutron Energy Distribution by First Continuation Calculation
As the continuation surface is selected in the red flame in Fig. 6, by applying MCNP
code, the neutron energy distribution on continuation surface is calculated and is shown
in Fig. 7.

Fig. 7. Neutron Energy on Continuation Surface

B) Effective Dose Rate by Secondary Continuation Calculation
The environmental effective dose rate and neutron flux in reactor pit passage are analyzed
by applying the neutron energy distribution on continuation surface in the secondary
continuation calculation as calculation input. Neutron particle with a number of 1.00E
+ 06 is simulated in calculation with about 101 h consumed.

As shown in Fig. 8 and Fig. 9, the effective dose rate and neutron flux at the egress
of reactor pit could not meet the radiation protection requirement if no shielding door is



24 G. Zeng et al.

Fig. 8. Effective Dose Rate at the Egress of Reactor Pit

Fig. 9. Neutron Flux at the Egress of Reactor Pit

installed. An iron shielding door with thickness of 3 cm at the egress of reactor pit could
ensure that the effective dose rate and neutron flux meets the design objective.

C) Three-Dimensional View of Environmental Effective Dose Rate and Neutron
Flux
In order to evaluate the three-dimensional dose rate field and neutron flux field as well
as for the process acceleration, SuperMC code is applied to optimize the calculation.

SuperMC code is a computer aided design (CAD)-based Monte Carlo program for
integrated simulation of nuclear system developed by Chinese FDS team [7–9]. Com-
pared with MCNP code, SuperMC code can generate global mesh weight window to
speed up the three dimensional dose rate field calculation, which is practical to analyze
the environmental effective dose rate variance tendency [10].
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By using 64CPU in parallel calculation, the globalmeshweight window is generated
with 1.0E + 13 neutron after consuming 2.8 h. The effective dose rate and neutron flux
are then calculated with the help of generated global mesh weight window by consuming
6.8 h with 1.00E + 09 neutron. The three-dimensional view of neutron effective dose
rate field and neutron flux field are shown in Fig. 10, Fig. 11 and Fig. 13.

Fig. 10. Effective Dose Rate Field of Reactor Pit Passage Contributed by Neutron

Fig. 11. Effective Dose Rate Field of Reactor Pit Passage Contributed by Secondary Photon

As shown in Fig. 12, the effective dose rate is calculated alongside the exit direction
of reactor pit egress. As the origin point is set at the inner surface of shielding door, the
neutron area dose rate decrease to 1 mSv/h at the reactor pit egress shielded by the iron
in the airtight door.

Meanwhile, the three-dimensional view of neutron flux is shown in Fig. 13. Similar
to the variance tendency of effective dose rate, the neutron flux decrease to 1.00E +
05 n/(cm2.s) at the reactor pit egress which is presented in Fig. 14.
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Fig. 12. Effective Dose Rate Variance Tendency of Reactor Pit Contributed by Neutron

Fig. 13. Neutron Flux Field of Reactor Pit

Fig. 14. Neutron Flux Variance Tendency of Reactor Pit
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5 Conclusion

By applying the MC-MC coupled method, the neutron shielding problem in large scale
can be effectively analyzed. In addition, the superiority of this methodology is proved
in the application of reactor pit neutron shielding analysis. Furthermore, by applying
SuperMC code, the calculation process of neutron shielding problem in large-scale
model can be further optimized by ensuring the calculation accuracy with less time
consumed.

Acknowledgement. The work presented in this paper is supported by the flexible shielding
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Abstract. Spacer wires are frequently applied as the positioning components of
fuel bundles in lead-based fast reactor fuel assemblies. It is extremely important
to carry out the research of the impacts from spacer wires on coolant flow within
fuel assemblies, and therefore the safety performances of reactor core. In this
paper, the open source CFD calculation software OpenFOAM was adopted to
perform the refined numerical simulation on the multi-pitch assembly model of
61 bundles and analyze the distribution of flow characteristics such as pressure,
velocity, and temperature. The results show that: there is a pressure difference
on both sides of the wires, which may cause the coolant to mix laterally; the
mixing effect incurred by the wires may cause the uneven distribution of coolant
velocity. There are obvious high-speed and low-speed zones, and the high-speed
zone is located at the same position as the low-pressure zone. Due to the high
flow rate in the peripheral sub-channel, the coolant temperature is lower. The
maximum temperature difference at the outlet of the fuel assembly can reach
20K, which may cause local overheating and therefore cladding rupture under
accidental conditions. The simulation can provide a reference for the correction
of the calculation results of the 1D single-channel program and lay the foundation
for the development of the subsequent two-phase flow model for fuel assemblies
containing wire spacers.

Keywords: Spacer Wire · CiADS · Fuel Assembly · OpenFOAM · CFD
Simulations

1 Introduction

Nuclear energy is a clean and efficient energy source that can also facilitate the reduc-
tion of carbon emissions for power generation in countries worldwide, thereby provid-
ing essential solutions toward sustainable human development. In 2002, the American
Nuclear Society proposed six Generation IV advanced nuclear reactor types [1]. Com-
pared with other fast reactors, the structure of lead-cooled fast reactors has been signif-
icantly simplified [2]. Moreover, many countries are trying to implement lead-cooled
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fast reactors as they have attracted considerable attention due to their good nuclear fuel
transmutation capability, excellent economics, and inherent safety [3].

Lead-cooled fast reactors mostly use spacer wires for positioning tomaintain the fuel
rods at the same pitch. A reasonable thermal-hydraulic design inside the core enables
the safe operation of fuel assemblies and other components in a reactor. Therefore, it is
imperative to elucidate the flow characteristics of fuel assemblies with spacer wires. The
thermal-hydraulic properties of heavy metals greatly differ from those of conventional
media; thus, the radiation shielding of lead critically hampers experimental analysis,
and the internal flow characteristics cannot be studied using devices such as X-rays [4].
Given this limitation, most previous studies have used numerical simulations to obtain
the thermal-hydraulic parameters.

Ahmad performed numerical simulations of a 7-rod bundle assembly and found that
the transverse gradient induced by spacer wires exhibited certain periodic pattern among
the sub-channels [5]. Gajapathy performed numerical simulations of the flow field inside
various rod bundle assemblies containing spacer wires and found that increasing the
diameter of the spacer wires while decreasing the pitch increased the friction coefficient
and Nussle number [6]. Hamman revealed a 10–15% error in pressure drop calculations
compared to empirical formulations; this error was affected by the factors such as turbu-
lence and geometricmodels [7].Merzari performed numerical calculations using various
RANS models for a 7-rod bundle assembly containing spacer wires and demonstrated
that the k–ω SST model better simulated the velocity field near the spacer wires [8].
Zhao performed numerical calculations using OpenFOAM for a single-pitch model of
a 7-rod bundle assembly of sodium-cooled and analyzed the distribution of transverse
velocities in different gaps [9]. Overall, a significant corpus of previous studies about
spacer wires was focused on full-size calculations based on coarser large-size grids. In
this way, they determined the outcomes for larger-size models and calculations using
commercial software for 7-rod bundle and 19-rod bundle assembly models.

Given the complexity of spacer wires, the effect of multi-pitch axial height, and the
subsequent two-phase flow model development, this study investigated the flow char-
acteristics of lead-bismuth coolant in a lead-based fast reactor within a fuel assembly
containing spacer wires. Methodologically, we used the open-source OpenFOAM soft-
ware to refine the calculation of multi-pitch wire-wrapped bundle assemblies in CiADS
[10] and provide interface parameters for two-phase flow model development under
accident conditions.

2 Models and Methods

2.1 Geometric Model

For advanced reactors with a conventional design of lead/lead-bismuth alloy as coolant,
the fuel rods are usually arranged in a triangular fashion to form a hexagonal assembly,
as shown in Fig. 1. The sub-channels of the assembly are divided into three types, namely
internal, edge, and corner channels.
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Fig. 1. Sub-channel division method of the fuel assembly

In this study, we referred to the fuel assembly parameters in CiADS [11] for the
simulations. The regular hexagonal fuel assembly contained 60 fuel rods and one stain-
less steel rod located in the center. The stainless-steel rod represented a locking device
designed to prevent the assembly from floating in the liquid lead/lead-bismuth alloy. The
simulation area was part of the active area of the fuel assembly. The spacer wires were
placed in the clockwise direction. The geometric parameters of the fuel assemblies are
summarized in Table 1.

Table 1. The geometry parameters of the fuel assembly

Parameter Name Parameter Unit

Number of fuel rods 60 Number

Arrangement method Equilateral triangle –

Rod length 180 mm

Apothem 61.25 mm

Rod diameter 13.1 mm

Pitch 15.1 mm

Helical pitch 144 mm

Helical wire diameter 2 mm

The spacerwires and fuel rodswere aligned tangentially to each other, thus signifying
a line contact and forming sharp angles at the contact location where the points and lines
affected the quality of the grids. The model simplification used in this study was based
on the Natesan [12] approach, as shown in Fig. 2. To this end, the diameters of fuel rods
and spacer wires were kept constant, and indent spacer wires were placed toward the
center of fuel rods by 0.1 mm. To improve the quality of the generated grids, a 0.25 mm
chamfering process was performed at the location where the spacer wires and fuel rods
were in contact. Figure 3 shows the geometric model of the fuel assembly.
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Fig. 2. Simplified model approach

Fig. 3. 61 wire-wrapped rod bundle assembly (a) top view (b) 3D view

2.2 Grid Division

It is challenging to delineate the structured grids for complex geometric features, such
as many large-curvature spacer wire surfaces in the fuel assembly. This simulation was
used to delineate the polyhedral grids for spacer wires. The grid encryption process is
described in Table 2, while the grid division in the Z-plane is shown in Fig. 4. The quality
of grids was evaluated by the “checkMesh” method in OpenFOAM. The evaluation
demonstrated that the grids satisfied the computational requirements.

Table 2. Method of grid encryption

Number of
boundary layer and
grid layers

Total thickness of
prismatic layer

Grid growth rate Expected y+

The area near the
wall

4 layers 0.03 mm 1.2 <1

The area near the
assembly box

4 layers 0.09 mm 1.2 <1
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Fig. 4. Section of grid in Z direction

2.3 Boundary Condition Setting

For numerical simulation problems, suitable boundary conditions must be provided for
each boundary, according to the actual working conditions. Table 3 lists the established
boundary conditions based on the CiADS [10, 11] method.

Table 3. Boundary conditions for the fuel assembly

Boundary Boundary conditions

Inlet Average temperature of the inlet is 553.15K
The mass flow rate of the inlet is 17.07 kg/s

Outlet Pressure outlet with a gauge pressure of 0 Pa [13]

60 fuel rods The line power density [11] is set in the way shown in Fig. 5

One stainless steel rod Adiabatic and no-slip surface

Spacer wires Adiabatic and no-slip surface [14]

Assembly box Adiabatic and no-slip surface

2.4 Coolant Thermal Physical Parameters and Turbulence Model

Due to the special thermal properties of lead-bismuth, it will show different phenomena
from the conventional coolant in the calculation process, and according to the recom-
mendation of OECD/NEA [15], the expression of the thermal property parameter was
selected as follows.

Density, kg/m3:

ρLBE = 11096 − 1.3236T (1)
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Fig. 5. Axial linear power density distribution of fuel rods

Constant pressure specific heat capacity, J/(kg · K):
Cp,LBE = 159.0 − 0.0272T + 7.12 × 10−6T 2 (2)

Power viscosity, Pa · s:
μLBE = 0.00456 − 7.03 × 10−6T + 3.61 × 10−9T 2 (3)

Thermal conductivity, W/(m · K):
λ LBE = 3.61 + 1.517 × 10−2T − 1.741 × 10−6T 2 (4)

The comparison with the LES calculation results of Merzari [8] shows that the k-ω
SST model calculations agree better compared to the k-ε turbulence model, so the k-ω
SST turbulence model was used in this calculation. The k-ω SST turbulence model can
be described by the following five equations:
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In these equations, ρ is the density (kg/m3). Gk is the generating term of turbulent
kinetic energy k.Gω is the generating term of the specific dissipation rate ω. t is the time
term (s). x is the Cartesian coordinate system direction. μ is the kinetic viscosity (Pa · s).
μt = ρkT, and T is the turbulence time scale. The parameters σ k , σω2 , β*, β are solved
by the mixing function. γ is the cross-mixing factor. S is the mode of the mean stress
tensor of the fluid. U is the fluid velocity (m/s). y is the distance from the wall. ν is the
fluid kinematic viscosity. CDkω is the term associated with the lateral diffusion term of
the fluid.

2.5 Grid Independence Analysis

According to the 61-rod bundle assembly model, grids were classified into three groups
with different degrees of sparseness. The grid-independence analysis was carried out
by comparing the variation in temperature along the axial direction near the central rod
bundle. The number of grids and the calculated y+ for the three cases are summarized in
Table 4.As seen, all three cases yielded the average value of y+ less than 1. Figure 6 shows
a comparison of the calculated results for the three temperature groups. As observed, the
calculated results for the grid number of 16.9 million were very close to the calculated
results for the grid number of 26.7 million. Furthermore, the accuracy of the calculation
and the length of the calculation time were taken into account, and Case 2 was selected
as the grid division scheme for the subsequent calculation.

Table 4. Grids for independence studies

The number
of grids
(million)

Min y+ Max y+ Average y+

Case 1 13.1 0.0219 2.3263 0.4517

Case 2 16.9 0.0429 3.7309 0.4736

Case 3 26.7 0.0133 2.0685 0.5047

2.6 Solver Validation

buoyantSimpleFoam is a finite-volume method-based solver for solving the N-S
equation for a steady-state compressible Newtonian fluid in OpenFOAM. The SIM-
PLE/SIMPLEC algorithm was used in this study for the pressure-velocity coupling in
this solver. The simulation was validated using the uniform heating of the coolant to
evaluate the accuracy of this solver in the simulation of lead-based fast reactors. The
calculated results were further compared with those of the experimentally calibrated
SACOS-PB sub-channel program [16] under the same conditions. The model geometry
parameters used to evaluate the accuracy of the solver were as follows: the fuel rod diam-
eter was 8.2 mm. The pitch was 10.49 mm. The helical wire diameter was 2.2 mm. The
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Fig. 6. Grid independence analysis

Fig. 7. Coolant temperature distribution at the axial height of 54.6 mm in the active zone

helical pitch was 328 mm. A comparison of the calculated coolant temperature results
for an axial height of 54.6 mm in the active zone is shown in Fig. 7.

Figure 7 shows the differences in the coolant temperature within different
sub.channels on the same cross.section. As seen, the inner channel coolant temperature
was higher than the outer channel coolant temperature. The coolant temperature within
different sub.channels on the same cross.section under the same calculation conditions
for both programs matched well, with the maximum relative error of <1%. Therefore,
the results of OpenFOAM were deemed to be accurate, based on which the additional
61.rod bundle assembly calculations were performed.
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3 Results and Discussion

3.1 Pressure Distribution Characteristics

Besides the coolant flow in the sub-channels along the axial direction, a complex trans-
verse flow is also present. The drivers behind the transverse flow can be divided into
natural and forced mixing; these transverse effects strengthen the resistance pressure
drop of the flow. The cross-sectional pressure distributions at the axial heights of 60, 90,
120, and 150 mm within the 61-rod bundle fuel assembly are shown in Fig. 8, with the
arrow direction reflecting the spin-in direction of the spacer wires. The pressure cloud
contours at different axial heights exhibited similar distributions, while a clear differ-
ence between the high-pressure zone, low-pressure zone, and both sides of the spacer
wires was identified. The low-pressure zone was generally distributed upstream of the
spacer wires in the spin-in direction and downstream of the high-pressure zone. When
the spacer wires rotated past the nearby fuel rods, the pressure inside the gaps between
the fuel rod and spacer wires was low. Moreover, a pressure difference between the two
sides of the spacer wire was identified.

Fig. 8. Pressure distribution at different axial heights

Spacer wires force the coolant to mix, thereby making the transverse pressure dis-
tribution uneven. In general, a high-pressure zone is an area with a strong cross-flow
effect. The pressure cloud contours for different axial heights revealed that the axial
pressure tended to decrease as the Z-axis coordinate increased. Figure 9 shows the pres-
sure cloud contours for each 1/6H interval of the axial height within a pitch. As seen,
for each 1/6H increase in the axial height, the direction of the pressure cloud contours
was rotated 60° clockwise, and the value of the pressure distribution decreased along
the axial fluctuation.
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Fig. 9. Pressure distribution at 1/6H intervals within a pitch

3.2 Velocity Distribution Characteristics

The velocity distributions at different axial heights are shown in Fig. 10. Given the
effects of the spacer wires, the velocity in the cross-section exhibited heterogeneity. The
cloud contours indicate that the high-speed zone was generally dispersed around the
assembly box upstream of the spin-in direction of the spacer wires. The fundamental
driver of the variable coolant flow rates in the different sub-channels was the variance in
the sub-channel flow area. The flow area of the channel near the assembly box was large,
while the frictional resistance was relatively small, thus suggesting that the peripheral
channel could obtain a larger velocity distribution. The inner sub-channels exhibited a
more uniform velocity distribution due to the mixing of the spacer wires.

The velocity cloud contours for each 1/6H interval of the axial height within the
pitch are shown in Fig. 11. For every 1/6H increase in axial height, the direction of
the velocity cloud contours rotated 60° clockwise, and the velocity distribution period
was 1H. The position of the maximum velocity also rotated periodically, and within
a pitch, the maximum velocity distribution seemingly rotated by 360°. The maximum
velocity decreased at the higher axial heights along the flow direction. Moreover, as
the axial height increased, the lateral mixing introduced by the spacer wires caused the
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Fig. 10. Velocity distribution at different axial heights

coolant momentum exchange in different channel positions, therebymaking the velocity
distribution continuously uniform with the flow.

3.3 Temperature Distribution Characteristics

The temperature cloud contours at different axial heights are shown in Fig. 12, where the
high- and low-temperature zones are reflected in the cross-section. The high-temperature
zonewas identified at the same position and rotated continuously along the spin direction
of the spacer wires. The temperature of the central sub-channel was higher than that of
the peripheral sub-channel because of the difference in the velocity distribution between
the inner and outer channels. The coolant flow rate near the assembly box was high and
the coolant was not sufficiently heated. Due to the mixing effect of the spacer wires, the
velocity distribution of the inner sub-channels was uniform, the flow rate was low, the
coolant was fully heated, and the high-temperature zones emerged.

The temperature distribution in the cross-section was also not hexagonally symmet-
ric, thereby yielding some bias according to the relative position of the spacer wires. The
temperature of the sub-channels near the center stainless-steel rod was lower. Although
the average velocity of the sub-channels in the presence of spacer wires exceeded the
average velocity of the sub-channels without spacer wires, the overall mass flow rate
was smaller, and the average temperature was higher. Figure 13 shows the average and
maximum temperatures of the surfaces at the different axial heights. As seen, the average
temperature exhibited a linear increase along the axial direction, while the maximum
temperature varied along the axial direction. The maximum difference between the
maximum and average temperatures in the axial direction was 16.86K. Moreover, the
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Fig. 11. Velocity distribution per 1/6H interval within a pitch

maximum temperature difference between the average temperatures of the two cross-
sections of the inlet and outlet could reach 25K. Given the linear power density peaks
at 0.09 m axial height, the temperature growth reached its highest levels here.

The temperature cloud contour of the fuel assembly with an axial height of 180 mm
is shown in Fig. 14. As seen, the temperature of the inner sub-channels located in
the central region was generally higher than that of the peripheral side sub-channels
and corner sub-channels. The calculation demonstrated that the maximum temperature
difference in the radial direction at Z = 180 mm could be up to 28.23K. Moreover, the
spacer wires strongly affected the temperature distribution, thereby strengthening the
heat transfer of coolant between sub-channels but also inducing local overheating. With
the increase in axial height, themaximum temperature difference in the radial direction of
the cross-section seemingly exhibited a gradual increase, and the flow field temperature
near some fuel rods was excessively high. The uneven thermal expansion of the fuel
rods near the flow field with a higher temperature was greater. Thus, the uneven thermal
expansion of the fuel rods would result in the narrowing of the flow sub-channels, thus
potentially causing a sub-channel block accident. Different helical pitches, pitch ratios,
and winding methods of spacer wires can all affect the thermal-hydraulic behavior of
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Fig. 12. Temperature distribution at different axial heights

Fig. 13. Average and maximum temperature of cross.sections at different axial heights

the assembly. Future studies should elucidate the effects of the structural parameters of
the fuel assembly on the flow heat transfer of the coolant within the fuel assemblies in
CiADS.
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Fig. 14. The temperature cloud contour of Z = 180 mm

4 Conclusion

In this study, the flow characteristics of lead-bismuth coolant in a lead-based fast reactor
within a fuel assembly containing spacer wires were elucidated using the open-source
CFD software OpenFOAM and the buoyantSimpleFoam solver. To this end, the 61-
rod bundle assembly was finely modeled, the polyhedral grids were delineated, and
the physical parameters of the lead-bismuth coolant were implanted in OpenFOAM.
The k–ω SST turbulence model was applied, the boundary conditions were set, and
the solver was validated using a sub-channel procedure. The analysis of the physical
field characteristics, such as pressure, velocity, and temperature inside the assembly
demonstrated the following results:

(1) A significant pressure difference on both sides of the spacer wires was identified,
which forced the transverse mixing of the coolant inside the assembly. Given the
mixing effect, the transverse pressure distribution in the module was not uniform,
while prominent high-pressure and low-pressure zones were formed. The high-
pressure zone was generally located downstream of the spin in the direction of
the spacer wires. Within a pitch (H), for every 1/6H increase in axial height, the
direction of the pressure cloud contours rotated 60° clockwise, thereby weakening
the pressure distribution variability.

(2) The velocity on the cross-section was not uniform. The inner sub-channels inside
the assembly exhibited low-velocity zones, and the velocity distribution of the
central sub-channels was more uniform due to the effect of mixing. The flow area
of the sub-channels near the assembly box was large, while the friction resistance
was relatively small, and the coolant flow rate in the peripheral channel was larger.
For every 1/6H increase in axial height, the velocity cloud contours rotated 60°
clockwise, and the velocity distribution period was 1H.

(3) Under the action of spacer wires, the temperature distribution of the internal sub-
channels of the fuel assembly was more uniform. Given the uniform velocity dis-
tribution and low flow rate of the inner channel, the coolant was fully heated, and
a high-temperature zone appeared. Although the temperature distribution in the
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cross-section was not hexagonally symmetrical, some bias was revealed according
to the relative position of the spacer wires. At the outlet, the temperature difference
between the internal and side sub-channels near the assembly box was large. More-
over, the temperature of the flow field near some fuel rods was excessively high,
thereby being conductive for the burning of the cladding under accident conditions.
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Abstract. In order to improve the flexibility of response to power grid demand,
both newly built and in-service nuclear power units need to demonstrate the fea-
sibility of ELPO (Extended Low Power Operation) and design schemes. During
ELPO, the change of local thermal hydraulic conditions caused by the change
of core power will have a great impact on the migration behavior of corrosion
products in the primary circuit of PWR (Pressurized Water Reactor). Corrosion
products deposited in the core will affect the heat transfer of fuel cladding, axial
power distribution and critical heat flux. Corrosion products deposited outside the
reactor, such as the main tubes, will affect the dose rate of personnel and pose
challenges to radiation protection. A model for simulating the migration of cor-
rosion products in the primary circuit of a PWR was established. The variation
trends of the total amount of fuel CRUD (Chalk Rivers Unidentified Deposit), the
total amount of fouling outside the reactor, the removal amount of corrosion prod-
ucts, the coolant source term and the main tubes deposition source term of a PWR
before and after ELPO were compared. The results show that ELPO mode can
inhibit the deposition of corrosion products in the core, and make more corrosion
products deposit outside the core or be removed by CVCS (Chemical and Volume
Control System). Because ELPOmode accelerates the migration of activated cor-
rosion products to other regions, the coolant source term increases slightly. For
the source term of main tubes sediment, ELPO model can reduce its total activity,
thus reducing the personnel dose rate.

Keywords: ELPO · PWR · Corrosion products · CRUD ·Migration

1 Introduction

In order tomeet the demand of peak shaving of power grid, nuclear power unitswill adopt
load tracking operation or power reduction operation [1]. The reduced power operation
mode [2], in which all the gray rods are extracted and the PWR(Pressurized Water
Reactor) is reduced from full power to a specific power platform by boronization, and
the low power platform runs continuously for more than 12 h, is called ELPO (Extended
Low Power Operation). During ELPO, the core axial power distribution, enthalpy rise
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factor and power peak factor will change [3, 4], which will affect the whole core and
local thermal hydraulic parameters.

The corrosion products in the primary circuit circulate with the coolant, some of
which are removed by the CVCS (Chemical and Volume Control System), and the other
part is deposited in the inner and outer areas of the core. The corrosion products deposited
on the fuel surface are commonly known as CRUD (Chalk Rivers Unidentified Deposit).
With the increase of CRUD, the heat transfer capability of fuel may decrease, and the
risk of axial offset anomaly and local corrosion caused by scale will increase [5]; After
irradiation, some CRUD will generate radioisotope, and these isotopes will migrate and
redeposit in the primary loop after dissolving or shedding, forming coolant source term
and shutdown deposition source term [6, 7].

The results of CRUD measurement data [5, 8] and mechanism study [9, 10] show
that the rate of SNB (Subcooled Nucleate Boiling) on the fuel surface and the coolant
temperature are the key parameters affecting the deposition and migration of corrosion
products in the core. ELPO mode may have a great influence on local SNB rate and
coolant temperature, which may change the distribution of corrosion products in the
primary loop and change themigration of radioisotope. Therefore, it is necessary to study
the migration behavior of corrosion products in the primary loop of PWR during ELPO,
and evaluate the safety and economy of ELPO mode in reactor from the perspective of
hydrochemistry and radiation protection.

2 Theoretical Model

2.1 Migration Model of Corrosion Products

The PWR primary loop is divided into the control volume shown in Fig. 1, in which
only Fuel assembly is considered in the core, and it is finely divided along the axial
direction, which is used to accurately characterize the influence of local SNB rate and
coolant temperature on CRUD deposition.

The primary corrosion products are mainly composed of Ni, Fe, Cr complexes and
a small amount of Co, Mn [5, 11]. For each element, the mass conservation equation in
the PWR primary circuit can be listed as follows:

MRCS
dC

dt
· 109

= Rrelease − RCVCS − dMc

dt
− dMoc

dt
(1)

Where: MRCS represents water loading capacity, in g; Rrelease represents the release rate
of corrosion products, in g/s; RCVCS represents the removal rate of corrosion products
by CVCS, in ppb/s; dC

dt indicates the change rate of corrosion products concentration,
in ppb/s; dMc

dt and dMoc
dt respectively represent the deposition rate of corrosion products

inside and outside the core, in g/s; t denotes time, in s.
The calculation formula of the items to the right of the equal sign of Eq. (1) is as

follows:

Rrelease=
∑

i

vi · Ai (2)
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Fig. 1. Schematic Diagram of Corrosion Products Migration

RCVCS = C · η · wCVCS (3)

dMc

dt
=

∑

j

(
dmj

dt
· Aj

)

=
∑

j

[
ṁe,j · Cj + kj ·

(
Cj − Cj,0

)] · Aj (4)

dMoc

dt
=

∑

k

(
dmk

dt
· Ak

)

=
∑

k

[
kk ·

(
Ck − Ck,0

)] · Ak (5)

Where: vi represents corrosion rate, in g/(cm2 · s); Ai represents the infiltration area
of the corroded material, in cm2; C denotes the concentration of corrosion products in
mainstream, in g/g; η represents the removal efficiency of corrosion products by CVCS;
WCVCS represents circulating water traffic, in g/s; mj and mk respectively represent the
deposition amount of corrosion products in the inner and outer areas of the core, in g;
Aj and Ak represent the infiltration area inside and outside the core respectively, in cm2;
ṁe,j represents SNB rate, in g/(cm2 · s); kj and kk represent the deposition coefficients in
the inner and outer regions of the core respectively, which can be calculated according
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to the coolant temperature [12], in g/(cm2 · s); Cj and Ck respectively represent the
concentration of corrosion products in the mainstream in the inner and outer regions
of the core, which is greatly affected by the local coolant temperature [13], in g/g; Cj,0
and Ck,0 respectively represent the concentration of corrosion products on the deposited
surface inside and outside the core, in g/g.

2.2 Source Term Model

According to the PWR operation experience, consider the radioisotope produced by Ni,
Fe, Cr and Co, as shown in Table 1 [14, 15].

Table 1. Generation of Some PWR Radioactive Nuclides

Element Mother nucleus Reaction Sub nucleus

Ni 62Ni (n,γ ) 63Ni

Fe 54Fe (n,γ ) 55Fe

Fe 54Fe (n,p) 54Mn

Fe 58Fe (n,γ ) 59Fe

Cr 50Cr (n,γ ) 51Cr

Co 58Ni (n,p) 58Co

Co 59Co (n,γ ) 60Co

Mn 55Mn (n,γ ) 56Mn

The migration process of radioisotope can be general as follows: corrosion products
are deposited in the core and irradiated to form isotopes and attach to the fuel surface, part
of isotopes is dissolved into coolant to form coolant source term, and isotopes migrating
with coolant is deposited outside the core to form shutdown deposition source term. In
conjunction with Eqs. (1) to (5), the deposition mass of corrosion products on the fuel
surface in dt time period can be obtained, and then the coolant source term and dose rate
level can be calculated as follows:

dϕc

dt
=

∑

j

[
Pj − λ · nj ·

(
1− e−λt)] (6)

dϕw

dt
= Pw − λ · nw (7)

dϕoc

dt
=

∑

k

(Pk − λ · nk) (8)

Where: dϕc
dt ,

dϕw
dt and dϕoc

dt represent the radioisotope change rate on the fuel surface,
coolant and outside the core respectively, inBq/s; Pj, Pw andPk represent the radioisotope
generation rates on the fuel surface, coolant and outside the core respectively, in Bq/s;



Research of Corrosion Products Migration Behavior in PWR Primary Circuit 49

NJ, NW and NK denote the radioisotope activity on the fuel surface, coolant and outside
the core respectively, calculated from the amount of corrosion products deposited and
the nuclear reactions shown in Table 1, in Bq; λ represents decay constant, in s−1.

3 Calculation Results and Analysis

3.1 Analytical Methods

Using LINDEN software [16] and CAMPSIS software [17] independently developed
by CGN (China General Nuclear power group), the migration behavior of corrosion
products of a million kilowatt PWR during one cycle running on 75% power and 50%
power platforms was evaluated. Among them, LINDEN is used to calculate the thermal
hydraulic parameters of each control body in the primary loop, including SNB rate
and coolant temperature; CAMPSIS based on LINDEN calculations, analog corrosion
products in the various control body deposition, dissolution, activation and redeposition
migration process.

3.2 Migration of Corrosion Products

Figure 2 shows the migration of corrosion products in the primary loop under ELPO
mode. The calculation results show that:

1) Compared with full power operation, when ELPO is carried out with 75% power and
50% power platform, the total amount of CRUD is significantly reduced, and more
corrosion products will be deposited outside the core or removed by CVCS. From
Eq. (4), it can be seen that this is because ELPO reduces SNB rate, thus inhibiting
the deposition of corrosion products on the fuel surface;
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2) The total CRUDof 50% power platform is higher than the total CRUDof 75% power
platform. The reason for this phenomenon is that although the SNB rate decreases at
lower power platform, the local coolant temperature of fuel also decreases, the con-
centration of corrosion products increases, and the CRUD deposition rate increases
instead.

3.3 Distribution of Primary Loop Source Terms

Figure 3 shows the distribution of primary loop source terms in ELPO mode. The
calculation results show that:

1) With the decrease of core power, the coolant source term gradually increases. This
is because the decrease of core power causes the radioisotope deposited on the fuel
surface to dissolve into the coolant, thus increasing the coolant source term;

2) Compared with full power operation, the dose rate decreases slightly in ELPOmode.
The main reason is that ELPO reduces the total amount of CRUD and inhibits the
formation of radioisotope under the premise of constant irradiation level;

3) The dose rate of the 50% power platform is slightly higher than that of the 75%
power platform. The reason for this phenomenon is the same as the migration trend
of corrosion products. The superposition of the effects of lower power platform on
SNB rate and corrosion product concentration may lead to the increase of CRUD
total, radioisotope and dose rate.
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4 Conclusions

In this paper, a model of corrosion product migration and radioisotope formation in the
primary circuit of Analog PWR is established, and the migration behavior of corrosion
products duringELPOmode of a PWR is evaluated. Themain conclusions are as follows:

1) ELPO can restrain CRUD deposition and alleviate the influence of CRUD on fuel
capability by reducing SNB rate and changing local coolant temperature;

2) Compared with full power operation, ELPO will cause the coolant source term to
rise, and the radioisotope deposited on the fuel surface will enter the coolant and be
gradually removed by CVCS;

3) The total amount of CRUD, coolant source term and dose rate increased slightly
when the power platform was reduced from 75% to 50%, which indicated that the
ELPO power platform had a great influence on the migration behavior of corrosion
products in the primary circuit.
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Abstract. The newgeneration ofwater-free cooling reactors: the FuSTAR system
(Fluoride-Salt-cooled high-Temperature Advanced Reactor), mainly proposed by
Xi’an Jiaotong University, is at the design stage. So far, the overall parameters of
the heat transport system of FuSTAR have been obtained, and there is a pressing
need to design and optimize the mass flow distribution device of Downcomer.
In this paper, to obtain the specific parameters of structure matching the design
values of mass flow rate, the finite element analysis was adopted, combined with
the Nelder-Mead algorithm in the nonlinear programming. The results show that
the mass flow distribution device with a multiple-port plate structure can achieve
the purpose of the values of mass flow rate. Moreover, the mass flow rate is not
so sensitive to the geometric parameters of these structures, which means more
engineering margin. Based on this research, the detailed structural parameters and
physical information about the distribution device were obtained, and the data
from numerical tests can be used to build the proxy models to speed up transient
analysis programs of FuSTAR.

Keywords: Mass Flow · Distribution · Downcomer · FuSTAR · Finite Element
Analysis

1 Introduction

SmallModular Fluoride salt-cooled High-temperature Reactor (SMFHR) equipped with
solid fuel and liquid-salt coolant, has the advantages of inherent safety, compact struc-
ture, high temperature, and modularity, which can be built in remote areas and inland
water shortage, underground mines, industrial park facilities, military bases, etc., to
provide the solutions of multi-purpose integrated energy [1]. Fluoride-Salt-cooled high-
Temperature Advanced Reactor (FuSTAR) is a new generation of water-free reactor
technology proposed by Xi’an Jiaotong University, which uses the integrated SMFHR
as the heat source, modular molten salt pool as the energy storage device, and closed
Brayton power cycle as energy conversion system. At present, the design of the core
neutronics-thermohydraulics-power cycle system has been completed, and a safety anal-
ysis is needed to verify the inherent safety. The integrated structure is adopted in FuSTAR
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and shown in Fig. 1. The coolant is FLiBe salt, which is heated from the core and enters
the riser, then flows down into the Primary Heat Exchanger (PHE) to release the heat.
The Cold salt is then pressured by the pump and split into two paths: one is along the
Downcomer and returns into the core, and the other flow across the Downcomer and
flows up into the Direct heat Exchanger (DHE) to constitute the steady loop of Passive
Residual Heat Removal System (PRHRS).

Fig. 1. Integrated interior structure of FuSTAR

Fig. 2. Cross-section of heat exchangers and reactor
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Figure 2 shows the layout scheme of the heat exchangers and reactor, with a total of
6 PHEs and 3 DHEs installed alternately around the riser. After neutronics and burnup
calculations [2], the decay heat accounts for 1% of the total power thermal heat from
the core, which must be removed by three DHEs of PRHRS.

However, the structure mentioned above has an obvious backflow region of Down-
comer, which is difficult to be described by one-dimensional thermal-hydraulics equa-
tions. Therefore, detailed structural design and analysis are required. In this paper, the
computational fluid dynamics method (CFD) is used to design the detailed structure of
the Downcomer to ensure the flow distribution is as same as that of the design value.
At the same time, the results of flow distribution are less sensitive to the structure,
which is feasible in engineering processing. In addition, the numerical results or exper-
imental results of the structure can provide equivalent resistance coefficients for the
one-dimensional thermal-hydraulics and safety analysis programs.

2 Methodologies

2.1 Thermodynamic and Geometry Boundaries

The flow distribution and thermodynamic boundary were calculated by the energy bal-
ance method, and the thermophysical properties were referred to TRACE and CoolProp
[3, 4]. 1/6 axisymmetric initial geometric structure was used for modeling, and Fig. 3
shows the boundary conditions and complete structure of the fluid domain with stream-
lines. The uniform velocity at the inlet boundary, the zero gradient outlet boundary at
the outlet to DHEs, and the zero gauge pressure at the bottom annular outlet were used.

2.2 Design and Optimization Method

In this paper, the processes of design and optimization are shown in Fig. 4, which are
mainly divided into two parts: preliminary analysis and secondary analysis. The Finite
Element Method (FEM) was used to discretize space [5] based on COMSOL software.

In the preliminary analysis, to realize automation, the grid sequence should be estab-
lished first for automatic generation. Subsequently, the robust and simple turbulence
modelwas used to directly calculate the flowdistribution and the optimization algorithms
are adopted to change the structural parameters, minimizing the deviation between the
calculated flow distribution and the design value. The sensitivity of structural parameters
was analyzed based on the optimal solution to check if there are parameters that signif-
icantly affect the distribution. If the structure sensitivities are too strong, the structure
needs to be changed and re-analyzed.

In the secondary analysis, suitable turbulence models for specific structures were
selected, and optimization and sensitivity analyses were performed again for the optimal
structures in the preliminary analysis. To ensure accuracy, the second-order element is
used in the optimization stage. While to ensure efficiency, the first-order element is used
in the sensitivity analysis stage.

The standard k-ε turbulence model was used in the preliminary analysis because of
its robustness [6]. In the secondary analysis, as there are phenomenons of boundary layer
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Fig. 3. Boundary conditions and complete structure of the fluid domain with streamlines.

Fig. 4. The processes of design and optimization on Downcomer

separation and mainstream impact on the wall in the geometric structure in Fig. 3, the
Spalart-Allmaras model with the anisotropic transport effect of turbulent viscosity [7],
and the v2f model with the anisotropy of pulsation velocity [8], both of which have been
applied.

In the solving process, the linear equations are calculated by PARDISO direct solver
[9], the nonlinear part is separated and iterated by the Newton method, and the original
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variables of the NS equation and turbulent variables are calculated successively. In the
process of optimization, the Nelder-Mead algorithm was adopted [10]. The decision
variables are the dimensions of the structure, and the objective function is the deviation
between the calculated value and the designed value of flow distribution. When the
deviation is zero, the optimization is completed.

3 Results and Discussion

3.1 Preliminary Analysis

The parameters initially involved in the optimization calculation are inlet-diameter and
riser-height. After 37 times of optimization calculations, the final dimensions and veloc-
ityfield are shown inFig. 5,where theflowdeviation at the outlet toDHE is only0.09kg/s.
It is obvious that once the fluid enters the Downcomer, it will undergo sudden separa-
tion, accompanied by a large adverse pressure gradient. Subsequently, part of the large
vortex impacts the riser region at the bottom, introducing pulsating velocity anisotropy.
Then in the ring section, the vortex and mass flow rate separate. One-dimensional and
two-dimensional safety analysis programs cannot capture this process, so they need to
be developed again and introduce empirical relations.

Fig. 5. Optimal dimensions and velocity in preliminary analysis

Based on the preliminary optimal dimensions above, dimension sensitivity analysis
is carried out to judge the feasibility of the structure in engineering.



58 X. Li et al.

The influence on the mass flow rate of DHE by inlet-diameter under different riser-
heights is shown in Fig. 6. The inlet-diameter has a great influence on the mass flow rate
of DHE. For every 1 mm increase in inlet-diameter, the flow rate increases by 1 kg/s,
which is difficult to control in engineering because the rated mass flow rate of DHE is
only 7.23 kg/s.

Fig. 6. The influence on the mass flow rate of DHE by inlet-diameter

The influence on the mass flow rate of DHE by riser-height under different inlet-
diameters shown in Fig. 7. The sensitivities on riser-height are really weak, so the
machining accuracy of riser-height can be appropriately relaxed in engineering.

To sum up, the flow distribution ratio of DHE in the preliminary structure is greatly
affected by the inlet-diameter, which is unstable to rely on a split of the large vortex.
Therefore, it is necessary to improve the geometry structure to weaken the sensitivities of
dimensions. In addition, the stability in the calculation process is verywell, so theSpalart-
Allmaras model was used later to better describe the boundary layer and anisotropic
effect. Finally, the optimal scheme is calculated and compared with the v2f model.

3.2 Sensitivity Weakening and Structural Optimization

The improved structure design is shown in Fig. 8. Relying only on a large vortex for flow
distribution would be difficult to control, so consider a separator plate in the vortex area
on the riser. The plate divides the upstream fluid into two parts, one flowing laterally to
the outlet at theDHE, and the other flowing downstream to the bottomof theDowncomer.
In addition, to better control the outlet flow at the DHE, this outlet is also assembled in
a single hole plate, through the size of the hole to obtain a different flow distribution.
Therefore, the structural variables are updated as new decision variables in optimization,
which are: split-height, Theta, inlet-diameter, Outlet-diameter, and riser-height.

Split-height represents the distance between the separator plate and the top, of which
range is constrained as 0.05–0.15m. The initial value is 0.06 m.
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Fig. 7. The influence on the mass flow rate of DHE by riser-height

Theta

Outlet-diameter
Split-height

Riser-height

Inlet-diameter

Fig. 8. Improved structure design and updated new decision variables
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Theta represents the opening angle of the separator plate, which is calibrated based
on the central axis of the reactor and its variation range is constrained as 5–50°. The
initial value is 5°.

Inlet-diameter still represents the diameter at the inlet, upstream of which is the
fluid at the pump outlet. Due to the constrained size of the container, its range is limited
to 0.1–0.25 m. The initial value is 0.21 m.

Outlet-diameter represents the hole diameter of the hole plate at the outlet, and its
downstream is the entrance of the DHE. Limited by the size of the outlet channel, its
range is limited to 0.05–0.15 m. The initial value is 0.11 m.

Riser-height still represents the height of the riser in the flow domain, which does
not include the split-height. The range of riser-height is constrained to 0.2–2 m. The
initial value is 0.5 m.

Considering themore complex structures, the separation and attachment of boundary
layer becomemore complicated, so the Spalart-Allmarasmodelwas used for calculation.
For the final scheme, the v2f model was also used to compare.

Stepwise Sensitivity Analysis and Selection of Stability Region
The stepwise sensitivity analysis parameters were scanned to find the stability region of
each parameter. To save time on calculation, the first-order elementwas used to discretize
the space. The higher-order elements only have some quantitative differences compared
to the first-order element, but do not affect the qualitative results of sensitivity analysis.

First, the sensitivities of the split-height and the theta on the flow distribution ratio
of DHE in their range were analyzed when other parameters were set to their initial
values, as shown in Fig. 9. With the increase of the theta and the split-height, the mass
flow rate increases gradually but the slope decreases. The stable slope can be controlled
well only when both the theta and the split-height are small. Therefore, the theta = 5°
and the split-height = 0.06 m are selected within the stable ranges of low slope. The
structural sensitivities decreased from 1(mm/(kg/s)) to about 4(mm/(kg/s), split-height)
and 60(mm/(kg/s), theta), which are 1/4 and 1/60 of the original.

Then, based on the above parameters selected, the sensitivities analysis of the inlet-
diameter and the outlet-diameter on the flow distribution ratio of DHE were carried out.
The analysis results are shown in Fig. 10. When the inlet-diameter is about 0.2 m and the
outlet-diameter is about 0.1 m, the slope is the lowest with weak sensitivity. Therefore,
the inlet-diameter= 0.21m and the outlet-diameter= 0.11m. The structural sensitivities
decreased from 1(mm/(kg/s)) to about 13(mm/(kg/s), inlet-diameter) and 15(mm/(kg/s),
outlet-diameter), which are 1/13 and 1/15 of the original.

Finally, the above parameters were fixed and the sensitivity analysis of the riser-
height on the flow distribution ratio of DHE was conducted. The results are shown in
Fig. 11. The mass flow rate is not affected significantly by the riser-height. Therefore,
the values in all the range of riser-height can be used. The structural sensitivity decreased
from 1(mm/(kg/s)) to about 800(mm/(kg/s)), which is 1/800 of the original.

Structural Optimization in the Stability Region
Structural parameters optimization was carried out based on the stability region above.
To ensure accuracy, the second-order element was used to discretize the space. The riser-
height has the lowest sensitivity to mass flow rate, so only it was used as the decision
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Stability region

Fig. 9. The sensitivities of split-height and theta

Stability region

Fig. 10. The sensitivities of inlet-diameter and outlet-diameter

variable, and other variables are not optimized to avoid shifting out of the stability
domain. The objective function is the deviation of the outlet mass flow rate at the DHE
from the design value – 7.23 kg/s. The Nelder-Mead algorithm was selected and the
process of optimization is shown in Fig. 12. Finally, the value of riser-height stabilized
at 1.3375 m, where the deviation between the calculated mass flow rate and the designed
value was minimum to zero, and the optimization was completed.

The distribution of y+ and the global velocity field of the optimal solution are shown
in Fig. 13. The global maximum value of y+ is 3.76 at the inlet due to the uniform
boundary of velocity, while it of other parts is about 1, which meets the requirements
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Fig. 11. The sensitivities of riser-height

Fig. 12. Optimization of the riser-height with minimal deviation

of boundary layer analysis of the Spalart-Allmaras model. According to the streamline,
most of the flow forms a stagnant vortex in the riser region, and a small part of the fluid
flows horizontally along with the separator plate to the outlet at DHE. As can be seen
from the sensitivity analysis above, this structure of flow separation has low geometric
sensitivity and is suitable for engineering processing (Fig. 14).

Figure 15 shows the velocity field at the longitudinal section of the inlet. With the
riser-height of 1.3375 m, the mainstream flow velocity at the riser bottom has attenuated
from10m/s to 4m/s,whichweakens the anisotropic impact effect and is also an important
reason why the wall y+ always keeps a low level. Lower impact momentum results in
less vibration and direct pressure, which also improves the long-term operating life of
the structure.

Figure 16 shows the velocity field of the outlet at DHE and the mesh diagram. The
second-order element only needs the thicker mesh to be able to resolve the streamline of
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Fig. 13. The y+ and global velocity field of the optimal solution

Fig. 14. Velocity field and streamline at the inlet of the separator plate

the curve well. By changing the diameter of the hole plate, the sensitivity of the structure
is lower, which is about 15 times that of the original scheme, and is more beneficial to
engineering processing.

Finally, the v2f model with the same parameters was used to verify the results of
the Spalart-Allmaras model. The comparison of overall results is shown in Table 1. The
results show that the error of the Spalart-Allmaras model and v2f model is really small,
the maximum error of pressure drop is less than 1.5%, and that of the mass flow rate is
at the magnitude of 10–5. Therefore, to get the macro parameter of mass flow rate and
pressure drop, the Spalart-Allmaras model with faster speed and stronger stability can
be considered in the design work. The final dimensions based on Fig. 8 are summarized
in Table 2.
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Fig. 15. Velocity field at the longitudinal section of the inlet (The top of the right image continues
at the bottom of the left)

Fig. 16. Velocity field of the outlet at DHE and the mesh diagram
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Table 1. Comparison of overall results with Spalart-Allmaras and v2f turbulence model

Turbulence model Spalart – Allmaras v2f Deviation(based on v2f)

Mass flow rate at bottom
of Downcomer

1050.14648 kg/s 1050.14598 kg/s 4.76E-07

Pressure drop from inlet
to bottom of Downcomer

10651.14 Pa 10522.64 Pa 1.22%

Mass flow rate of outlet
at DHE

7.2435 kg/s 7.2440 kg/s -6.90E-05

Pressure drop from inlet
to outlet at DHE

92066.58 Pa 92195.09 Pa -0.14%

Table 2. The final dimensions based on Fig. 8

Parameters Values Units

Split-height 60 mm

Theta 5 °

Inlet-diameter 210 mm

Outlet-diameter 110 mm

Riser-height 1.3375 m

4 Conclusions

In this paper, theCFDmethodwas used to design the detailed structure of theDowncomer
to ensure the flow distribution is as same as that of the design value. 1/6 axisymmetric
initial geometric structure was used for modeling, and the processes of design and
optimization are divided into two parts: preliminary analysis and secondary analysis. The
standard k-ε model, Spalart-Allmaras model, and v2f model were used and compared
respectively, and the Nelder-Mead algorithm was used for the optimization.

The results of the preliminary analysis showed that in the ring section, the vortex and
mass flow rate separate. One-dimensional and two-dimensional safety analysis programs
cannot capture this process, so they need to be developed again and introduce empirical
relations. However, the flow distribution ratio of DHE in the preliminary structure is
greatly affected by the inlet-diameter, which is unstable to rely on a split of the large
vortex.

The results of the secondary analysis showed a hole plate at the outlet and a separator
plate in the vortex area on the riser will reduce structural sensitivity by 1/4 to 1/800.
Most of the flow forms a stagnant vortex in the riser region, and a small part of the fluid
flows horizontally along with the separator plate to the outlet at DHE. Lower impact
momentum at the bottom of the riser results in less vibration and direct pressure, which
also improves the long-term operating life of the structure. Finally, the results show
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that the error of the Spalart-Allmaras model and v2f model is really small. The Spalart-
Allmaras model with faster speed and stronger stability can be considered in the design
work.
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Abstract. Corrosion products in the primary circuit of PressurizedWater Reactor
(PWR) during operation will cause Chalk Rivers Unidentified Deposit (CRUD),
increase the level of coolant source term and deposition source term outside the
core, and then affect the normal operation of PWR and the radiation field during
the shutdown overhaul. Stretch-Out (SO) operation is a flexible mode of reactor,
which can improve the economy of reactor. In this paper, the theoretical model
of CRUD and source term analysis for PWR is introduced, and the influence of
SO operation on CRUD and source term level of PWR is studied. The calculation
results show that SO operation can reduce the total amount of CRUD in PWR.
However, the level of coolant source term rises at the initial stage of SO operation,
and the level of coolant source term can be reduced by double discharge pumps
running in this case. The deposition source term outside the reactor show a gradual
increasing trend. The research results provide theoretical basis and data reference
for CRUD and source term level control during SO operation in PWR.

Keywords: PWR · Stretch-out · CRUD · Coolant source term · Deposition
source term

1 Introduction

Stretch-Out (SO) operation of nuclear power plants refers to an operation mode in which
positive reactivity is introduced by reducing primary coolant temperature and reactor
power at the end of fuel cycle life when all control rods are at the top of the reactor
and boron concentration in the primary loop is close to 0 ppm (1 ppm = 10–6), thus
prolonging reactor operation time. The SO operation of nuclear power plants can not
only improve the flexibility of overhaul schedule, meet the needs of refueling overhaul
of group reactor units, but also increase the depth of burnup and improve the economy
of plants [1].

Metallic materials in the primary circuit of Pressurized Water Reactor (PWR) will
corrode and release corrosion products in the high temperature and high pressure envi-
ronment, the main components of which are Ni, Fe, Cr, etc. [2, 3]. After entering the
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primary circuit, corrosion productsmigrate to all parts of the primary circuitwith coolant,
and deposit on the surface of fuel cladding mainly through subcooled nucleate boiling
(SNB), thus forming Chalk Rivers Unidentified Deposit (CRUD) [4].

On the one hand, CRUD will adsorb boron in coolant, forming local boron enrich-
ment on fuel assemblies, which will increase the risk of Crud Induced Power Shift
(CIPS); On the other hand, the continuous increase of CRUD thickness will affect the
heat transfer capacity of fuel assemblies, causing local corrosion and increasing the risk
of fuel cladding failure. At the same time, metal materials will be activated under neu-
tron irradiation to form Activated Corrosion Products (ACPs), among which the main
radionuclide are 58-Co, 60-Co, 51-Cr, 54-Mn, 59-Fe, etc. ACPs are deposited on the
surface of metallic material inside and outside the core, which directly affects the total
radiation dose during shutdown overhaul [5]. According to statistics, about 85% of the
radiation field outside the core is caused by ACPs [6]. Therefore, it is necessary to
analyze the CRUD and the source terms of PWR.

In this paper, the key theoretical models of CRUD analysis and source term calcula-
tion in PWR are introduced around the main corrosion product elements (i.e. Ni, Fe, Cr)
and radionuclide (i.e. 58-Co, 60-Co, 51-Cr, 54-Mn, 59-Fe). The effects of SO conditions
on CRUD and source term of a PWR are obtained by analyzing and calculating under
normal operating conditions and SO conditions, which provides guidance for CRUD
and radiation field control under SO operation.

2 Theoretical Model

2.1 Hydrochemical Model

The hydrochemical model is used to calculate the saturated solubility of Ni, Fe and
Cr in primary coolant. According to the main chemical reaction equations of these
three elements in the primary circuit hydrochemical environment [7], the formulas for
calculating the saturated solubility of Ni, Fe and Cr can be obtained as follows:

CNi = logKNiFe2O4
+ logKNiO + logKNi
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where: CNI, CFE and CCR represent the saturated solubility of Ni, Fe and Cr, in mol/kg;
[H2] represents the concentration of dissolved hydrogen, in mol/kg; [H+] represents the
concentration of hydrogen ion, in mol/kg; Ki represents the chemical equilibrium con-
stant, which can bewritten as a function of temperature T, and the subscript i corresponds
to different metal oxides.
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2.2 CRUD Deposition Model

CRUD deposition model is used to calculate CRUD deposition inside and outside the
core. CRUD deposition is the result of turbulent mixing and SNB mechanism, and its
process can be explained based on the classical diffusion layer model [8]. Figure 1 is
a schematic diagram of the diffusion layer model, and primary coolant can be divided
into the bulk coolant domain and the near-wall layer near the surface of metal materials.

Fig. 1. Schematic Diagram of Diffusion Layer Model

After the primary circuit metal material is corroded, a part of the corrosion products
will form the protective oxide film, and the remaining corrosion products will be released
into the coolant in the form of ion and particulate, and then enter the near-wall layer
from the bulk coolant domain by diffusion. After reaching a certain concentration in the
near-wall layer, they will deposit on the surface of the protective oxide film, and form
CRUD in a turbulent way. At the same time, SNB will occur on the surface of fuel rods,
forming a stable steam channel, and corrosion products will deposit around the steam
channel, finally forming CRUD with dense bottom and loose porous in the near-wall
layer. The mass transfer process is shown in Fig. 1.

Based on the above mechanism, the deposition of corrosion products in the coolant
can be regarded as the result of turbulent mixing and SNB, so the deposition rate per
unit area of CRUD is:

wi= kb · ṁe

kb + kw
· Ci+ kb · kw

kb + kw
· (Ci − Ci0) (4)

where: wi represents the deposition rate, in g/(cm2·s); ṁe represents the SNB rate, in
g/(cm2·s); kb and kw represents the deposition coefficients from the bulk coolant domain
to the near-wall layer and from the near-wall layer to the fuel surface, respectively, which
can be calculated by Chilton-Colburn [9] formula, in g/(cm2·s); Ci and Ci0 represent the
solubility of corrosion products in the bulk coolant domain and fuel surface respectively,
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which need to be obtained according to Gibbs’ law and data fitting of solubility experi-
ment in the primary circuit environment of PWR [10–16], in g/g; i corresponds to three
elements: Ni, Fe and Cr.

2.3 Source Term Model

The source term model is used to calculate the radioactivity level distribution of coolant
and nuclide inside and outside the reactor.

The corrosion product particles and ion released from the base metal in the primary
circuit circulate with the coolant. When the corrosion products flow through the core
area, some of themwill be irradiated by neutron to become activated corrosion products,
forming coolant source term. On the other hand, corrosion products may be deposited
when they flow in the circuit, and the CRUD deposition on the fuel surface forms the
deposition source term inside the core, while the deposition outside the core forms the
deposition source term outside the core.

The formula of activity concentration of activated corrosion products in primary
coolant is as follows:

dCi(t) · mw

dt
= Pi − λi · Ci(t) · mw (5)

where: Ci(t) represents the specific activity mass of radionuclide i in coolant, in Bq/t; mw
represents the mass of primary coolant, in t; λi represents the decay constant of nuclide,
in s−1; Pi represents the generation rate of nuclide i, in Bq/s. Ci (t) and Pi are related to
decay constant of nuclide, nucleon neutron of parent core in coolant, neutron neutron
rate in core area, microscopic reaction cross section, ratio of fluid flow time in core to
total flow time inside and outside the core, and axial power share of control body.

The deposition source term inside the core mainly considers the surface of fuel
assemblies, and the formula of activity concentration of the deposition source term
inside the core is as follows:

dCi(t)in · Ad

dt
= P′

i − λi · Ci(t)in · Ad (6)

where: Ci(t)in represents the area specific activity of nuclide i inside the core, in Bq/cm2;
Ad represents the deposition area, in cm2; λi represents the decay constant of nuclide, in
s−1; P’i represents the formation rate of nuclide i in CRUD inside the core, in Bq/s; Ci (t)
in and P’i are related to decay constant in nuclide, nucleon neutron in the parent core of
CRUD inside the core, neutron rate in the core area, microscopic reaction cross section,
axial power share of control body, CRUD thickness inside the core and deposition area.

The deposition of corrosion products outside the core is mainly considered in the
main pipeline, Steam Generator (SG) heat transfer tube, lower chamber, and primary
pumps. The deposition rate is different at positions with different fluid velocity and
temperature. The formula of activity concentration of the deposition source term outside
the core is as follows:

dCi(t)out
dt

= Di(t) − λi · Ci(t)out (7)
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where: Ci(t)out represents the area specific activity of nuclide i outside the core, in
Bq/cm2; Di(t) represents the radioactivity generation rate caused by CRUD deposition
outside the core, in Bq/(cm2 · s); λi represents the decay constant of nuclide, in s−1;
Ci(t)out and Di(t) are related to the decay constant in nuclide, the deposition rate of
corrosion products, and the proportion of nuclide isotopes in all isotopes.

2.4 Mass Conservation of Corrosion Products in Primary Circuit

Regardless of the element changes caused by activation, the corrosion products of metal
materials are released into the coolant, and the following mass transfer processes will
occur:

1) CRUD inside and outside the core is deposited on the fuel surface and the surface
of the primary circuit structural material;

2) CRUD inside and outside the core will be slowly released after deposition and return
to the primary coolant again;

3) Some of the corrosion products that have not been deposited are purified by the
chemistry and volume control system, and some remain in the coolant.

Based on the mass conservation equation:

Mbulk · �C = −�mIC−�mOC−�mCVCS+�mREL (8)

where: Mbulk represents the water loading capacity of the primary circuit; C represents
the concentration change rate of corrosion products in the primary circuit; �mIC repre-
sents the rate of mass change of CRUD inside the core;�mOC represents the rate of mass
change of CRUD outside the core; �mCVCS represents the rate of mass change of cor-
rosion products purified by the chemical and volume control system; �mREL represents
the rate of mass change of CRUD release.

3 Calculation Results and Analysis

3.1 Input Parameters

Based on the above model, CAMPSIS software independently developed by China
Nuclear Power Technology Research Institute [17] is used to analyze the normal opera-
tion and SO conditions of a PWR continuous fuel cycle. The letdown system can purify
primary coolant, reduceCRUDdeposition inside and outside the core, and reduce coolant
source term and deposition source term. There is only one letdown pump in normal oper-
ation. In the analysis, by increasing flow rate, the influence of double letdown pumps
operation on CRUD and source term is obtained. Thermal hydraulic parameters for
calculations are provided by sub-channel software LINDEN [18].
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3.2 Discussion on Calculation Results

Figure 2 shows the total CRUD in different operation modes of the PWR, and Fig. 3
shows the CRUD mass distribution in each operation mode in the primary circuit. The
calculation results show that:

1) Under normal operating conditions, the total amount of CRUD deposition is gradu-
ally increased with the operating time in a fuel cycle; However, during SO, the total
amount of CRUD decreases, which is due to the decrease of the output power and
temperature of the primary circuit, the decrease of SNB rate reduces the total amount
of CRUD deposition caused by boiling. However, with the increase of fuel cycle, the
oxide film on the surface of the primary circuit structure materials becomes more
andmore stable, and the corrosion products released into the primary circuit become
less and less, and the total amount of CRUD shows a gradual downward trend.

2) In the primary circuit, the total amount of CRUD inside the core is more than half
of the total amount of CRUD in primary circuit and the mass removed by letdown.
Under the condition of double letdown pumps operation, the total amount of CRUD
removed by letdown accounts for about 23% of the total CRUD mass while under
normal operation conditions, it is only about 14%, which efficiently reduces the total
amount of CRUD deposited inside and outside the core.

3) Under the double letdown pumps operation condition, because of the increase of
letdown flow rate, the purification efficiency is improved, and the total amount of
corrosion products in the primary circuit is reduced, so the total amount of CRUD
deposition is also reduced. With the increase of fuel cycle, the total CRUD of dou-
ble letdown pumps decreased continuously. Compared with single letdown pump
operation condition, the CRUD decreased by about 18% at the end of the fourth fuel
cycle.

Fig. 2. CRUD Amount
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(a) Normal Operation

(b) SO Operation-Single Letdown Pump

(c) SO Operation-Double Letdown Pumps

Fig. 3. Distribution of CRUD Mass in Primary Circuit
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Figure 4 and Fig. 5 show the coolant source term levels of 58-Co and 60-Co respec-
tively, and 51-Cr, 54-Mnand 59-Fe have similar trends,which are not listed here. Figure 6
shows the deposition source term level at the main pipeline outside the reactor. The
calculation results show that:

1) The source term level of radionuclide is determined by its generation rate and dis-
integration rate, and the disintegration rate is related to the half-life time of nuclide.
The coolant source terms of 58-Co and 60-Co generally show a decreasing trend
with the fuel cycle. However, during SO, the source term level of coolant rises, which
is due to the fact that part of CRUD returns to the primary circuit due to temperature
drop at this stage, resulting in an increase in the source term level of coolant. At this
time, the source term level of coolant can be reduced by running the double letdown
pumps.

2) With the fuel cycle, the deposition source termof themain pipeline outside the reactor
gradually increases, which is due to the fact that some radionuclide with long half-
life, such as 60-Co, form a relatively stable CRUD structure after deposition on the
main pipeline, which is difficult to return to the primary circuit, so the deposition
source term will become larger and larger. According to the operation experience,
the radioactivity such as 58-Co and 60-Co can be replaced from the CRUDby adding
Zinc in the primary circuit, and then the deposition source term level can be reduced
by letdown purification circuit [2, 19].

Fig. 4. Source Term of Coolant 58-Co
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Fig. 5. Source Term of Coolant 60-Co

Fig. 6. Deposition Source Term of the Main Pipeline
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4 Conclusion

In this paper, the effects of SO conditions on CRUD, coolant source term and deposition
source term of a PWR are analyzed. The main conclusions are as follows:

1) During SO, the total amount of CRUD can be reduced while the economy is
improved, and the total amount of CRUD inside and outside the core can be further
reduced by double letdown pumps operation;

2) At the initial stage of SO, the coolant source term level will increase, and at this time,
the coolant source term level can be reduced by running double letdown pumps;

3) The deposition source term level of the main pipeline outside the core increases with
the running time.
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Abstract. RGL04 Test is the highest risky test during CPR1000 power opera-
tion,which is difficult to control the state and easily results in house load, turbine
trip and reactor trip. Pressurizer pressure great fluctuation problem has occurred
in some of CPR1000 units, and the pressure exceeds the allowed operation range
during test transient. The paper discusses the reason of the problem and the res-
olution is given: according to the different overheating degree of core, groups of
on-off heater are actuated, or the proper power reduction rate is chosen to satisfy
the operation requirement.

Keywords: RGL04 · Pressure control · Overheating · CPR1000 · Power
reduction

1 Introduction

Power control bank-turbine load test (RGL04 test) [1] is to be performed to verify the
accuracy of calibration G9 curve by quickly reducing the power before nuclear power
plant connecting to power grid. G9 curve represents the corresponding relationship
between power control rod position and steam turbine load. For the reactor with load
following operation mode, it is necessary to calibrate the G9 curve periodically in order
to accurately control the reactor power, and Rod Position Indication and Rod Control
System (RGL) can precisely regulating the power according to the turbine load demand.

According to RGL04 test feedback of CPR1000 nuclear power plants, Pressurizer
pressure of some units fluctuated greatly, and the lowest value exceeded the operating
limit of ±0.1 MPa. This paper analyzes the causes of this problem and gives solutions
through simulation: according to different core overheating degree, groups of on-off
heater are started to increase pressure during the test, or appropriate power reduction
rate is adopted to meet the requirements of operating limits. This method is reasonable
and verified by current plants, and can be applied to solve the same problems.

2 Description of RGL04 Test

The initial state of RGL04 test for CPR1000 unit is as follows:
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– The reactor power is maintained at 100% FP for at least 48 h, and xenon density is
balanced;

– Turbine control is in automatic mode;
– Power control rod groups are all draw at 225 steps;
– Temperature control rod R is placed in automatic mode;
– The axial power deviation change rate is less than 1% FP/hour;
– The average reactor temperature is maintained within±0.5 °C of the reference value;
– Pressurizer pressure control is in automatic mode, and on-off heater is in operation;
– Chemistry and Volume Control System is in automatic mode.

During the test, the unit power firstly reduces 100MWe from full power (from 100%
FP to around 90% FP) at 30 MWe/min; Then the power was reduced to 550 MWe (from
90% FP to 50% FP) at 50 MWe/min. In the process, R rod is manually operated and
maintained at its original position, and the power control rod follows the load change
automatically. Before power reduction, the dead zone of power control rod movement
will be set to one step and the rod movement speed will be 72 steps/minute. During the
test, the relationship between the turbine load and rod position was recorded, and a new
G9 curve was determined.

3 The Problem of Pressurizer Pressure Greatly Fluctuation

When CPR1000 turbine load decreases normally, the power decrease speed is 0.5%
FP/min (5 MWe/min), and the fluctuation range of system pressure does not exceed the
operating limit. In RGL04 test, because the load drops rapidly, the shrinkage of primary
coolant volume is obvious, and the pressure easily goes out of the operating limit.

Based on CAITA2 code simulation, when the power is linearly reduced from 100%
FP to 50FP%at 5%FP/min (50MWe/min), the changes of nuclear power and Pressurizer
pressure (Figs. 1 and 2) show that the minimum pressure is 15.3MPa, which exceeds the
operating limit. Therefore, it is difficult to avoid the pressure from exceeding the limit
at 50 MWe/min.

In the situation, if the pressure is required to meet the steady-state fluctuation limit, it
can only be achieved by increasing the system pressure or changing the speed of power
reduction.

4 Solution

4.1 Increasing System Pressure in Test

The problem of large pressure fluctuation in RGL04 test can be alleviated by manually
opening two or four groups of on-off heater in advance. Pressurizer on-off heater, as a
booster actuator with power non-adjustable, has four groups and it is closed at rated full
power operation [2].

The influence of different on-off heater groups on Pressurizer pressure in test was
analyzed by CAITA2 code at 0 °C overheating degree at 30MWe/min (Fig. 3). At 3000s,
the power was reduced from 100% FP to 50% FP at a rate of 30 MWe/min (3% FP/min).
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Fig. 1. Nuclear power variation in load ramp from 100%FP to 50%FPwith gradient of 5%FP/min

Fig. 2. Pressurizer pressure variation in load ramp from 100%FP to 50%FP with gradient of
5%FP/min

Shown from the Fig. 3, the Pressurizer pressure can be controlled within ± 0.1 MPa
by actuating four groups of heater. Due to the insufficient heat provided, opening two
groups of on-off heater is not enough to alleviate the pressure drop caused by power
reduction. So heaters will continue to open until all the groups are started.

When no heaters work, the initial value of pressure controller PID output is 0. The on-
off heater opening threshold is triggered quickly in transient, and the system pressure
begins to rise until the power reduction process ends (Fig. 4). When two groups of
on-off heater working, the initial value of PID output is greater than 0 and the opening
threshold of all heaters is not triggered until 4000s. The pressure fluctuation is the largest
on the contrary. When four groups of Heater are turned on, the PID output fluctuation is
minimal, and the pressure is relatively stable.
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Fig. 3. Pressurizer pressure variation at different groups of on-off heater started during load ramp
with gradient of 30 MWe/min

Fig. 4. Pressurizer controller PID output at different groups of on-off heater started during load
ramp with gradient of 30 MWe/min

4.2 Decreasing Power Reduction Rate in Test

Under different power reduction rates, the fluctuation of Pressurizer pressure in test is
different. Under 0 °C overheating and without heaters opening, the test is simulated at
different reduction rates (Fig. 5). The greater the power reduction rate is, themore drastic
the pressure changes. The pressure fluctuation of 50 MWe/min and 30 MWe/min are
more than ± 0.1 MPa. Therefore, the appropriate power reduction rate can reduce the
fluctuation degree of pressure.



Study and Resolution of Pressurizer Pressure Great Fluctuation Problem 83

Fig. 5. Pressurizer pressure variation with different power reduction rate during load ramp

4.3 The Influence of Core Overheating

Accurate G9 curve enables the power control rod to exactly compensate power changes
and ensure that the average coolant temperature is consistent with the reference value.
However, due to the change rate of turbine load faster than that of core power, the power
effect cannot be completely compensated by the power control rod. So the core will
overheat (the average core temperature is higher than the reference temperature) in the
test [3]. In the process of rapid power reduction, due to R rod manually operated, the
change of average core temperature lags behind the change of power, which leads to the
temperature deviation. The temperature overheating degree is accumulating. At present,
core overheating phenomenon in RGL04 test is commonly existed in CPR1000 unit,
and the average temperature overheating is about 3–5 °C (the test will be terminated if
the overheating exceeds 6 °C) (Fig. 6). This core overheating problem is related to the
operation mode of the CPR1000 unit and is the inherent characteristic.

Fig. 6. Overheating degree of core average temperature in RGL04 test of different CPR1000 unit
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In the process of load reduction, the existence of core overheating alleviates the
problem of large pressure fluctuation in test to a certain extent, but it is still impossible
to avoid the pressure from exceeding the operation limit. Without heaters opening and
at a rate of 30 MWe/min, the test is simulated and Pressurizer pressure under different
overheating shows that the greater the core overheating is, the smaller the pressure
fluctuates (Fig. 7). Therefore, the overheating of the core is helpful to alleviate the
fluctuation problem.

Fig. 7. Pressurizer pressurewithout heaters started during load rampwith gradient of 30MWe/min

4.4 Strategy

According to the different core overheating degree, the combination of the groups of on-
off heater actuated in advance and different power reduction rates is designed as shown
in Table 1. The operator can choose the appropriate power reduction rate and groups of
heater started based on the actual unit state. In the table, the condition of two groups of
heater opened is not considered because the heat generated by the two groups of heater
is insufficient to compensate for the system pressure reduction. Because the initial value
of PID output is greater than 0, it spend much more time to start all the on-off heaters,
which will induce large pressure fluctuation reversely.

It should be noted that when the power reduction rate is 50 MWe/min and the over-
heating degree is less than 2 °C, the Pressurizer pressure cannot be maintained within
± 0.1 MPa even if opening four groups of heaters. So it should be avoided.
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Table 1. The groups of on-off heater opened in advance in RGL04 test at different conditions

Overheating degree (°C) Power reduction rate (MWe/min)

10 20 30 40 50

0 0 4 4 4 NA➀

1 0 0 4 4 NA➀

2 0 0 4 4 4

3 0 0 4 4 4

4 0 0 0 4 4

5 0 0 0 0 4

Note: ➀the Pressurizer pressure cannot be maintained within ±0.1 MPa even if opening four
groups。

5 Conclusion

The problem of Pressurizer pressure greatly fluctuation in RGL04 test of CPR1000 unit
is discussed and the solution is given that: the operator can choose the appropriate power
reduction rate and start the corresponding on-off heater groups in advance based on the
different core overheating conditions to maintain the pressure within operation limit,
and reduce the risk of occurrence of load rejection and reactor tripping in the test.
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Abstract. The reliability of few-group constants generated by lattice physics cal-
culation is significant for the accuracy of the conventional two-step method in
neutronics calculation. The deterministic method is preferred in the lattice calcu-
lation due to its efficiency. However, it is difficult for the deterministic method to
treat the resonance self-shielding effect accurately and handle complex geome-
tries. Compared to the deterministic method, the Monte Carlo method has the
characteristics of using continuous-energy cross section and the powerful capa-
bility of geometric modeling. Therefore, the Monte Carlo particle transport code
NECP-MCX is extended in this study to generate assembly-homogenized few-
group constants. The cumulative migration method is adopted to generate the
accurate diffusion coefficient and the leakage correction is performed using the
homogeneous fundamental mode approximation. For the verification of the gener-
ated few-group constants, a code sequence namedMCX-SPARK is built based on
NECP-MCX and a core analysis code SPARK to perform the two-step calculation.
The physics start-up test of the HPR1000 reactor is simulated using the MCX-
SPARK sequence. The results fromMCX-SPARK agreewell with the results from
the design report and a deterministic two-step code Bamboo-C. It is concluded
that the NECP-MCX has the ability to generate accurate few-group constants.

Keywords: Few-group constant · Monte Carlo · Two-step · NECP-MCX ·
HPR1000

1 Introduction

The two-step method [1] is the most popular approach for the practical application
of neutronics calculations. During the two-step calculation, a series of lattice physics
calculations are performed to evaluate the spatial and spectral flux of fuel assemblies
under different state-points, and these fluxes are homogenized and collapsed to gen-
erate the assembly-homogenized few-group constants. These few-group constants are
then parameterized and inputted into the nodal diffusion code to obtain the interested
quantities for reactor design or analysis. Conventionally, the deterministic method like
the collision probability method [1] or the method of characteristics [2] is preferred in
the stage of lattice physics calculation since its efficiency, and many applications have
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proven its validity. However, two main drawbacks still exist in the deterministic lattice
physics codes in spite of their success, which will limit their further application. The first
drawback is that the resonance self-shielding calculation like the subgroup calculation
[3] must be performed to evaluate a set of problem-dependent cross-sections before the
transport calculation. Some modifications or extensions must be added to the conven-
tional resonance self-shielding methods and adopted in a deterministic lattice physics
code to obtain accurate self-shielded cross-sections. And these treatments are only spe-
cific to their target problem. The second drawback is that the range of a deterministic
lattice physics code for geometricmodeling is limited, and the problemwith complicated
geometry is often replaced by an approximated model in a deterministic lattice physics
model.

In order to overcome the drawbacks in the deterministic lattice physics calculation,
the Monte Carlo (MC) method for the generation of the few-group constants has drawn
some attention [4–7]. MC is an approach that tracks a large number of neutrons in a
stochastic way and obtains the interested quantities by calculating the expected value
from repeated tallies. Compared to the deterministic method, the neutron is tracked
under the detailed geometric model and continuous-energy cross-section information.
In addition, the neutron under MC tracking is simulated through real physical details
if it interacts with a nuclide. These characteristics of the MC method make it a more
rigorous and generalized method than the deterministic method. The main drawback of
the MC method is that its calculation efficiency is far below the deterministic method,
but the MC method is suitable to be calculated in parallel, and the improvement of the
parallel computational technique and super-computer permit the MC method to be a
more efficient method.

In this paper, we extend the MC code NECP-MCX [8] to generate assembly-
homogenized few-group constants, and the physical start-up test of HPR1000 [9] is sim-
ulated for verification. The detailed methodology is introduced in Sect. 2, the method
for verification and the numerical results are given in Sect. 3, and Sect. 4 gives the
conclusion and discussion.

2 Methodology

2.1 Homogenization Method

During homogenization, three important physical quantities including the integrated
reaction rates, the integrated net current, and the eigenvalue must be conserved for
the homogenized assembly [10]. The equations below represent these conservation
conditions in sequence:

∫
V

�hom
x,g φhom

g (�r)d�r =
∫ Eg−1

Eg

∫
V

�het
x (�r,E)φhet(�r,E)d�rdE (1)

where �x,g represents the cross-section for reaction type x and group g, φ is the scalar
flux. The superscript “hom” and “het” represents the homogenized and heterogeneous
assembly, respectively.

−
∫
Sk
Dhom
g ∇φhom

g (�r)ds =
∫ Eg−1

Eg

∫
Sk
J het(�r,E)dsdE (2)
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where k represents the k-th surface of assembly, J is the net-current, and Dg is the
diffusion coefficient.

−
K∑

k=1

∫
Sk
Dhom
g ∇φhom

g (�r)ds +
∫
V

�hom
t,g φhom

g (�r)d�r

=
G∑

g′=1

∫
V

�hom
s,g′→gφ

hom
g′ (�r)d�r

+ 1

kheteff

G∑
g′=1

∫
V

χhom
g ν�hom

f ,g′ φhom
g′ (�r)d�r

(3)

where kheteff is the eigenvalue before homogenization. Equation (3) is conserved if the first
two conditions are satisfied.

It is impractical to perform the homogenization based on the above equation strictly,
therefore, in the conventional homogenization process, the heterogeneous assembly flux
is approximated by the lattice physics calculation of a 2D assembly with zero net current,
then the homogenized cross-sections are be calculated as:

�hom
x,g =

∫ Eg−1
Eg

∫
V �A

x (�r,E)φA(�r,E)d�rdE
∫ Eg−1
Eg

∫
V φA(�r,E)d�rdE

(4)

where the superscript A represents the assembly with net zero current.
The diffusion coefficient is approximated by:

Dhom
g =

∫ Eg−1
Eg

∫
V D(�r,E)φA(�r,E)d�rdE

∫ Eg−1
Eg

∫
V φA(�r,E)d�rdE

(5)

Equations (4) and (5) cannot guarantee the conservations described before, therefore,
an additional set of quantities, called the assembly discontinuous factors (ADFs) [10],
are calculated and delivered to the downstream nodal diffusion code to conserve the
integrated reaction rates and net currents. The ADFs are defined as:

fg,k = φhet
g,k

φhom
g,k

(6)

where fg,k is the ADF in the group g and k-th surface. φhet
g,k and φhom

g,k are the surface flux
of the assembly in the heterogeneous and homogeneous condition, respectively.

In addition, the assembly with zero net current differs from the assembly in a critical
core, therefore, the leakage correction process is adopted by deterministic lattice physics
code to evaluate the critical spectrumunder itsmultigroup structure. This spectrum is then
used to collapse multigroup cross-sections. In order to make this approach embedded in
theMChomogenization, the original tally duringMCsimulation is based on amultigroup
structure to calculate a critical spectrum for further treatments.

As described before, the basic process for MC homogenization in NECP-MCX
follows:
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a) MC reaction rate tallies with appropriate estimators (analog estimator for scattering
matrix and fission spectrum, track-length estimator for others) are performed in the
multigroup structure;

b) Flux-volume weighting are performed to calculate the multigroup cross-section.
Then the leakage correction is performed based on the multigroup cross-sections to
obtain a critical spectrum;

c) The critical spectrum from b) is used to calculate final few-group constants;
d) Evaluate the ADFs.

Some details must be determined from the procedures above: The tally of the diffu-
sion coefficient inMC code, the methodology for leakage correction, and the calculation
of ADFs. And these details are described below.

2.2 Generation of Diffusion Coefficient

Derived from P1 equation and Fick’s law, the diffusion coefficient can be defined as:

D(�r,E) = 1

3

⎡
⎢⎣

�t(�r,E)−∫ ∞
0 dE′�s,1

(�r,E′ → E
)
J
(�r,E′)

J (�r,E)

⎤
⎥⎦

(7)

where�s,1 denotes the 1-order scattering matrix, and J (�r,E) is the magnitude of current
at �r.

However, it is impractical to tally the volume-integrated current fromMCcalculation
since the cancellation of neutron tracks at different directionswill lead to an unacceptable
statistic error. Therefore, a cumulative migration method [11] is adopted in this study to
generate the diffusion coefficient.

In the one-group diffusion theory, the migration area is defined as [12]:

M 2 = D

�a
= 1

6
r2m (8)

where M 2 is the migration area, D is the diffusion coefficient, �a is the absorption
cross-section, and r2m is the average square flight length of a neutron that starts from its
born site to the absorbed site.

The multigroup extension for the Eq. (8) can be realized by replacing the one-group
absorption cross-section with the multigroup removal cross-section:

M 2
g = Dg

�r,g
= 1

6
r2m,g (9)

According to Eq. (9), the calculation of diffusion coefficient is given as follows:

a) During MC calculation, tally the r2m,g , and notates its raw summation as Tg ;
b) Themultigroupmigration areaM 2

g is calculated by averaging Tg by removal reaction
rate;
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c) The multigroup diffusion coefficient is finally calculated by:

Dg = M 2
g �r,g = Tg

�r,gφg
�r,g = Tg

φg
(10)

However, the application of cumulative migration method is limited with infinite
problems like assemblies with reflective boundaries. Therefore, an alternative method
from [13] is used for homogenization of reflectors.

The P1 equation of the first moment for the 1D geometry is written as:

1

3

∂φg(z)

∂z
+ �t,gJg(z) =

G∑
g′=1

�s,1,g′→gJg′(z) (11)

Using Fick’s law, Eq. (11) can be rewritten as:

1

3

∂φg(z)

∂z
− �t,gDg

∂φg(z)

∂z
= −

G∑
g′=1

�s,1,g′→gDg′
∂φg′(z)

∂z
(12)

The integration of Eq. (12) can obtain:

1

3
φg − �t,gDgφg = −

G∑
g′=1

�s,1,g′→gDg′φg′ (13)

After MC calculation, the quantities except for the diffusion coefficient are known,
so we can solve the linear equation of Eq. (13) to calculate diffusion coefficient.

2.3 Leakage Correction

As described before, the leakage correction is necessary for homogenization since the
infinite assembly differs from its actual condition in the critical core. In spite of it that
some approaches like the buckling-search [14] and the albedo-search method [15] have
been developed forMC, the leakage correction inNECP-MCX follows the homogeneous
fundamental mode approximation [1] in the deterministic lattice physics code since its
efficiency and successful application.

Using the modal expansion method, the flux in a 1D system can be expanded using
its fundamental approximation which assumes that space- and energy-dependence can
be separated:

φ(z,E, μ) = ψ(z)ϕ(E, μ) (14)

where ψ(z) describes the spatial dependence, and is the spectrum.
The spatial term ψ(z) satisfies the wave equation:

∇2ψ(z) + B2ψ(z) = 0 (15)

where B2ϕ(E, μ) is the buckling.
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Then we can obtain:

ψ(z) = ψ0e
±iBz (16)

Based on Eq. (14), Eq. (16), the 1-order expansion of anisotropic scattering, and the
1D neutron transport equation, we can obtain the B1/P1 equations:

�t(E)ϕ(E) ± iBJ (E) =∫ ∞

0
dE′�s,0

(
E′ → E

)
ϕ
(
E′) + χ(E)

±iBϕ(E) + 3α[B, �t(E)]�t(E)J (E) =
3
∫ ∞

0
dE′�s,1

(
E′ → E

)
J
(
E′)

(17)

The difference of B1 and P1 equations is α[B, �t(E)]. For B1 equation:

α[B, �t(E)] =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

1

3
x2

(
arctan(x)

x − arctan(x)

)
, x2 = (B/�t(E))2 > 0

1

3
x2

⎛
⎝ ln

(
1+x
1−x

)

ln
(
1+x
1−x

)
− 2x

⎞
⎠, x2 = −(B/�t(E))2 > 0

(18)

For P1 equation:

α[B, �t(E)] = 1 (19)

The critical spectrum can be calculated by solving Eq. (17) with changing buckling
iteratively until the eigenvalue converges to 1. Then, the multigroup flux is corrected by
the critical spectrum for further treatments.

2.4 Assembly Discontinuous Factor

The strict definition for ADF is as Eq. (6), but approximated calculations must be per-
formed for Eq. (6) since the surface flux of the assembly in neither the heterogeneous
nor the homogeneous core is unknown.

For the homogenization of infinite assembly, the heterogeneous surface flux is
approximated by the surface flux from the infinite assembly transport calculation, and
the homogenized surface flux is approximated by the volume-averaged flux from the infi-
nite assembly transport calculation since the flux in the homogenized region is constant
under zero net current. The ADF is calculated as:

fg,k = φA
g,k

φ
A
g

(20)

For the homogenization of problems without zero net current, the approximation
of heterogeneous surface flux follows Eq. (20), but the approximation of homogenized
surface flux in Eq. (20) fails since the flux in such a homogenized region is inconstant.
Therefore, it is important to calculate a homogenized diffusion flux using the same
diffusion calculation method as the downstream nodal diffusion code.
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2.5 Overall Calculation Flow

The overall calculation flow for the MC homogenization is given below (Fig. 1).

Fig. 1. Overall calculation flow for the MC homogenization

3 Verification

The validity of few-group constants generated by NECP-MCX is verified in this section.
A code sequence called MCX-SPARK, where NECP-MCX generates the few-group
constants and SPARK [16] performs the nodal diffusion calculation, is built for the two-
step calculation. The reference results are from the design report and Bamboo-C [16].
Bamboo-C is a home-developed PWR fuel management software and has undergone the
engineering validations of commercial PWR for over 100 reactor years.
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The physics start-up test of HPR1000 [9] is simulated using MCX-SPARK for veri-
fication. HPR1000 is a Chinese design of the third-generation commercial PWR. There
are five control rod banks in the HPR1000 notated by G1, G2, N1, N2, R, and three
shutdown banks notated by SA, SB, and SC. Several tests including the critical boron
concentration and the isothermal temperature coefficient under insertion of different
control rods are simulated. Different control rod bank worths are also calculated.

For MC homogenization of the fuel assemblies, the quarter models of different fuel
assemblies,which are classified by the fuel enrichment, the burnable absorber, the control
rods, and the grid spacer, are built. A total 500 cycles including 100 inactive cycles with
200 000 particles per cycle are adopted. For the homogenization of the reflectors, the
one-dimensional reflector models are built with two models for the top and bottom
reflectors and nine models for the radial reflectors according to their positions. A total
500 cycles including 100 inactive cycles with 500 000 particles per cycle are adopted
for the homogenization of reflectors.

3.1 Critical Boron Concentration

The tests for critical boron concentration under 11 different states are simulated
and Table 1 gives the comparison of critical boron concentrations calculated by
MCX-SPARK to the reference results.

Table 1. Comparison of critical boron concentration

State Bias with the design report
(ppm)

Basic with Bamboo-C (ppm)

All rods out (ARO) −31.256 −6.473

R in −30.635 −5.996

R, G1 in −31.854 −6.272

G1 in −31.411 −6.487

G1, G2 in −33.72 −6.450

G1, G2, N1 in −38.147 −7.501

G1, G2, N1, N2 in −30.488 −3.165

R, G1, G2, N1, N2 in −28.136 −0.761

R, G1, G2, N1, N2, SC in −31.025 −1.950

R, G1, G2, N1, N2, SC, SB in −34.483 −4.344

All rods in (ARI) with the R
rod at B08 out

−45.415 −7.959

It can be seen from Table 1 that the bias between the MCX-SPARK and the design
report is −45 to −28 ppm, which satisfies the limit of 50 ppm. The bias between the
MCX-SPARK and Bamboo-C is −8 to −1 ppm, which has a good agreement.
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3.2 Isothermal Temperature Coefficient

The isothermal temperature coefficient is a reflector of both the moderator temperature
coefficient and the fuel Doppler temperature coefficient, and it is an important content
in the physics start-up test. Three states are calculated and compared. Table 2 gives the
results.

Table 2. Comparison of isothermal temperature coefficient

State Bias with the design report (pcm/°C) Bias with Bamboo-C (pcm/°C)

ARO −0.337 0.048

R in −1.035 0.008

R, G1 in −1.069 −0.037

The bias between the MCX-SPARK sequence and the design report is −1.069 to
−0.337 pcm/°C, which satisfies the limit of 3.6 pcm/°C. The bias of three isothermal
temperature coefficients betweenMCX-SPARK and Bamboo-C is less than 0.1 pcm/°C.

3.3 Control Rod Bank Worth

Different control rod banks worth values measurement by boron dilution method or
rod swap method in the physics start-up test are also simulated using MCX-SPARK
sequence, and the comparison of the results are given in Table 3.

Table 3. Comparison of control rod bank

Test item Bias with the design report (%) Bias with Bamboo-C (%)

Worth of R by boron dilution 0.2 −0.3

Worth of G1 by boron dilution
with R in

4.7 0.9

Worth of SB by boron dilution −0.7 −0.4

Worth of SA by rod swap 0.1 −0.8

Worth of N2 by rod swap −1.8 −1.7

Worth of N1 by rod swap 1.6 0.5

Worth of G2 by rod swap 0.1 −0.1

Worth of SC by rod swap 1.9 1.3

Worth of G1 by rod swap −0.2 0.2

Worth of SB rods by rod swap
at G03 and J13

0.9 −0.1

(continued)
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Table 3. (continued)

Test item Bias with the design report (%) Bias with Bamboo-C (%)

Worth of SB rods at G13 by rod
swap

1.5 0.4

Worth of G1 by boron dilution 3.2 0.2

Worth of G2 by boron dilution
with G1 in

2.9 0.1

Worth of N1 by boron dilution
with G1, G2 in

6.4 1.6

Worth of N2 by boron dilution
with G1, G2, N1 in

−3.0 −2.1

Worth of R by boron dilution
with G1, G2, N1, N2 in

−1.2 −1.1

Worth of SC by boron dilution
with R, G1, G2, N1, N2 in

4.4 1.6

Worth of SB by boron dilution
with R, G1, G2, N1, N2, SC in

2.3 2.0

The range of bias for the MCX-SPARK and design report is−2.989 to 6.442%, with
the RMS bias of 1.692%, which satisfies the limit of 10%. The results of the MCX-
SPARK agree well with Bamboo-C, with the bias being −2.084 to 1.981%, and the
RMS bias being 0.521%.

4 Conclusion and Discussion

In this study, the Monte Carlo code NECP-MCX is extended to generate the assembly-
homogenized few-group constants. The cumulative migration method is used to gener-
ate the diffusion coefficient with minimum approximation and the leakage correction
is performed using the fundamental mode approximation. A two-step code sequence
namedMCX-SPARK is built based onMC homogenization. The physics start-up test of
HPR1000 is simulated by this code sequence. The results are compared with the design
report and a deterministic PWR fuel management software Bamboo-C. It is observed
that the biases of all test items between the MCX-SPARK and the design report satisfy
the limit value. In addition, MCX-SPARK also agrees well with Bamboo-C.

The capability ofNECP-MCXfor the generation of few-group constants is developed
and verified. But it should be noted that the application of this capability in this study
is PWR two-step calculation, which poses almost no particular difficulty for current
deterministic lattice physics code. In spite of it, this study,which shows the validity ofMC
homogenization for the practical application, gives a perspective ofMC homogenization
for further practical application of reactors where many approximations must be made
for deterministic lattice physics calculation.
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Abstract. With the emergence of various novel fuel elements, traditional X-ray
test technologies refer to national standards that have gradually beenunable tomeet
the non-destructive testing (NDT) requirements for these novel fuel elements. As
a new NDT technology, industrial computed tomography (CT) has great potential
for NDT of nuclear fuel elements. In this paper, through a personalized transfor-
mation of self-developed X-ray equipment, we carried out CT scanning imaging
experiments up to more than 400 kV on pellet-shell gap in rod-shaped fuel ele-
ments, a high-density annular component, and a tungsten-based workpiece. Not
only that, after three-dimensional reconstruction and image analysis, it was found
that sub-millimeter internal void defects could be detected. Furthermore, sizemea-
surements were carried out through image analysis which achieved a relative error
of 5%. A conservative conclusion can be drawn from this research: industrial CT,
including but not limited to micro-CT, high-energy X-ray CT, etc., has an opti-
mistic future in testing internal defects andmeasuring internal dimensions of novel
fuel elements.

Keywords: Nuclear fuel element · NDT · CT system · Measure dimensions

1 Introduction

Computed tomography technology can obtain tomography images of tested objects by
calculating the attenuation information of the X-ray. It is capable of displaying the inter-
nal structure of the tested objects in an intuitivemanner in the formof two-dimensional or
three-dimensional images without destroying the tested objects. CT is featured with the
fast speed of scanning, high resolution of image, and efficient utilization rate of radiation.
Currently, X-ray CT technology has been comprehensively applied in various fields,
including aerospace, aviation, military, and national defense, providing an important
NDT method for the development of spaceflight rockets and spacecraft, aero-engines,
and weapon system inspection.

Research institutes and universities all over the world have adopted CT technology
to perform researches on nuclear fuels and nuclear materials. Argonne National Labora-
tory developed an XRD-CT NDT apparatus in 2017. Argonne Lab performed material
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analysis and morphology observation of uranium molybdenum granular nuclear fuel.
XRD-CT technology is of great significance in the preparation of nuclear fuels [1].
Purdue University and Los Alamos National Laboratory completed the experimental
study of synchronous X-ray CT for the first time in 2020. They could compute the
porosity and phase volume of U10Zr after neutron irradiation [2]. Argonne National
Laboratory and Los Alamos National Laboratory applied near-field high-energy X-ray
diffraction microscope (NF-HEDM) and µ-CT technology to non-destructively charac-
terize the relationship between microstructure and fuel performance of sintered UO2 in
2017 [3–5].GermanyAachenUniversity applied the combination ofµ-CT andFIB-SEM
technology to study the 3D inter-space network transportation properties of materials of
the highly radioactive disposal experimental site in 2016 [6].

Tomeet the needs of scientific research and production, improve the testing efficiency
and enhance the professional technical capability, the NDT center has performed the
transformation research from X-ray Digital Radiography system (DR) to CT device.
The original DR system has been transformed into a CT imaging system by hardware
addition and software development, reaching a spatial resolution of 41 p/mm and a
density resolution of 1%. Based on the confirmed resolution and sensitivity of the CT
system, the imaging experiments of the gap in rod element, an annular components, and
a tungsten-based sample are conducted. Meanwhile, artifacts generation and elimination
measures of CT images are preliminarily discussed.

2 DR and CT Systems

2.1 Overview of DR Imaging System

DR imaging equipment (HS-XY-450, Dandong Huari Company) is capable of realizing
a long-thin type of welding DR imaging. The device has consisted of an X-ray source,
an X-ray digital imaging detector plate, a mechanical motion rack, and a necessary
software system. The X-rays source emits X-rays, the detector plate receives signals
in real-time, and the software system determines the automatic testing program after
driving the mechanical rack to position the workpiece ROI as Fig. 1 shown. Influenced
by the particularity of customization, the original DR system suffered from a poor testing
range, inadequate testing efficiency, insufficient resolution, and weak testing capability.
To improve the testing efficiency, increase the testing range, and enhance the testing
technology capability, the research work on system transformation is implemented.

2.2 CT Transformation

The transformed system is deemed as a spiral scanning CT device, which is mainly com-
posed of subsystems, including of X-ray source, detector system, mechanical system,
high-precision motion control system, image data collection and transmission system,
image processing system, radiation safety protection system. Through CT transforma-
tion, and reserving the original function capabilities, the new apparatus can realize DR
two-dimensional imaging, CT tomography imaging, andCT three-dimensional imaging.

A new high voltage generator (450 kV) and auxiliary cables in the X-ray source were
replaced for a stronger penetration ability. After replacement, the maximum voltage of
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Fig. 1. Structure diagram of main components in the DR system

a high-voltage generator can reach 450 kV and the maximum power can reach 1,500 W.
By adding a high precision turntable on a removable countertop at the vertically below
cantilever, the samples could achieve 360-degree rotation and adjust the imaging mag-
nification. New moving functions can be realized through the coordinated controlling
of the motion control system. Figure 2 shows the pictures of the newly-added precision
turntable and the high voltage generator.

Fig. 2. Precision turntable and high voltage generator for ct imaging

The main technical indicators of the turntable include: a bearing capacity of 100 kg,
maximum torque of 179 N*m, positioning accuracy of ± 30′′, the flatness of 5 µm, and
axial deflection of 8 microns. There is no need to change the original multiple motion
axes of the detector and X-ray source tube in the mechanical motion system.

The newly added turntable uses a three-claw chunk to install and fix various work-
piece. When conducting CT scanning, the claws shall be fixed on the workpiece. Mean-
while, the turntable shall be disassembled quickly to ensure that the transformation has
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no influence on the original function of DR. The newly added turntable is equipped with
an independent electrical controlling card, which can be operated through the control-
ling software of the system. Other multi-axis’s motion still adopts the original electrical
controlling system. To realize the application needs of the CT system, the transformation
system is equipped with original system controlling software, CT scanning controlling
software, image reconstruction software, and image processing software. CT scanning
controlling software is capable of realizing different working modes, including circular
track scanning, spiral scanning, comprehensive view field scanning, and bias scanning.
The image reconstruction software is capable of correcting the scanned data in real-time
and repairing the image deviation caused by mechanical systems and geometric errors.
Image processing software is capable of realizing CT data visualization and analysis,
applying functions of data measurement, image processing, data output, animation, and
other necessary features.

3 CT Imaging Experiments

3.1 CT Imaging and Artifacts

During the process of CT data collection, the initial X-ray passes through the object and
occurs the attenuation after the X-ray source emitting a certain energy ray. As being
absorbed by the object, partial rays come from transmission rays, and other partial rays
come from scattering rays. Through the receiving by the detector plate, both transmis-
sion rays and scattering rays form a ray image, and finally impact the digital image
processing and displaying system. The process is prone to be influenced by various fac-
tors, resulting in data deviation from the expected value, which seriously influences the
image reconstruction results.

Various artifacts from detector outputting information cause an influence on the
reconstruction results, seriously polluting the attenuation information of X-rays. Artifact
on CT images is caused by equipment or sample and does not belong to the image
of the scanned object, which shows that different shapes in the image will affect the
accuracy of diagnosis. Generally, there are commonly two kinds of artifacts, which are
artifacts caused by samples and artifacts caused by equipment. The causes of artifacts
are complex and the typical artifacts include geometric artifacts, hardening artifacts,
scattering artifacts, motion artifacts, and metal artifacts, which are shown in Fig. 3.

Fig. 3. Various artifacts during CT imaging

The removal of artifacts is mainly through various hardware corrections or soft-
ware algorithms compensation. Based on generally suppressing most artifacts and stable
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operation this equipment, we optimized the CT imaging system parameters. Finally, the
spatial resolution of CT imaging system can reach 4 LP/mm, the density resolution can
reach 1%, and the sensitivity is higher than 0.4 mm. The imaging of the line pair card
and round hole card of the CT imaging system is shown in Fig. 4, where the resolution
and sensitivity can be clearly observed. Based on this, the CT imaging research of some
fuel simulators are implemented.

Fig. 4. Imaging of line pair test and round hole card CT

3.2 CT Imaging of Typical Work Piece

During the ray testing of the gap between shells and pellets in fuel rods, the X-ray
energy selected shall be capable of penetrating the thickest place of 360° rotation of the
workpiece. To obtain a high image resolution, scanning imaging is usually implemented
in the range of small focus (≤0.3 mm) and large focal length (1300 mm). This is because
to combine the reduced size of the light source and enlarged geometric projection, a
higher spatial resolution can be obtained. However, reducing the light source means
reducing the luminous flux and prolonging the exposure time. To obtain the maximum
testing efficiency, the core issue lies in the balance between the light source diameter
and the luminous flux. The imaging of the pellet-shell gap in a simulation fuel rod are
shown in Fig. 5. The gap within a certain range of different simulators can be effectively
measured. In addition, it can be clearly seen that the internal assembly size is less than
0.1 mm, but it is unavailable to confirm the size obtained from the destructive test. The
size exceeds the spatial resolution of the transformation system.This imaging experiment
can qualitatively judge that there is a gap between pellets and the shell with a size less
than 100 µm.

In the CT imaging of high-density annular components, the X-ray energy will not
capable of penetrating completely until it rises to 430 kV. The reconstruction and anal-
ysis process is similar to that of fuel rod simulators. The CT images of the annular
workpiece are shown in Fig. 6. Three views show the slice projection in three directions
respectively. It can be observed obviously that the position with poor X-ray attenuation
shows black. The X-ray intensity becomes weak after the absorption of solid substances.
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Fig. 5. CT imaging of pellet-shell gap

There are certain ray artifacts in the peripheral area of the components, and there are
also reconstruction artifacts brought by the equipment or sample in the inner hole area.
After selecting various imaging parameters, the ring structure can be observed in the
three-dimensional image. After analyzing and measuring the image, the error between
the measured size from images and the actual verification tool is about ±(3–5)%.

Fig. 6. CT imaging of a high density annular component

Influenced by the complex internal structure of additive manufacturing, it is difficult
to be directly tested by the traditional ray or ultrasonic testing methods. Therefore,
three-dimensional imaging technology represented by X-ray CT has strong application
potential in nondestructive testing or online monitoring. Regarding the research on CT
imaging of a triangular prism tungsten workpiece manufactured by 3-D printing, the
sample size was 28 mm, the height was 100 mm, and there were 6 holes with a diameter
of 2 mm and one hole with a diameter of 0.1 mm on a certain end face.When performing
CT imaging for this sample, the ray energy is capable of completely penetrating only
when it rises up to 445 kV. The specific experimental conditions are as follows: voltage
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445 kV, current 1.2 mA, small focus 0.3 mm, exposure 0.1 s, image merging number 3,
focal length 1,400mm. Through Fig. 7, we can learn that circular holes with regular sizes
are distributed on the triangular prism, but there are some non-eliminative artifacts in the
triangular boundary region. Through the resolution calculation after physical calibration,
the blind hole diameter is about 2.1mm, the length is 96.5mm, and the blind hole section
length is 3.5mm. Influenced by the decrease of sensitivity under high voltage, the seventh
through-hole with a diameter of 0.1 mm (not shown in the image, but exists in the real
object) is unavailable to be identified.

Fig. 7. Scanning reconstruction of triangular prism model

3.3 Key Factor Analysis of CT Imaging

The main factors influencing the data collection during the experiment include that dead
pixels of the X-ray detector will cause the point to be unresponsive to X-rays (the dead
pixels will only be displayed in the scanning stage), thus making it impossible for the
pixel to collect projection data. Invalid data caused by mechanical error, program run-
ning time difference, air ambient temperature, and humidity would also bring negative
effects. Furthermore, from the imaging process, we can find the installation and motion
accuracy of the scanning mechanism, projection collection density, reconstruction algo-
rithm accuracy, and the experiment factors which include exposure parameters, quantum
noise, ray beam hardening, scattered ray influence, tester dynamic response, dark field
noise influencing CT imaging quality.

The complex artifacts problem was caused by equipment, involving all aspects,
including the data collection system, the high-voltage system, and the reconstruction
process. There are several situations that will result in fringe artifacts, including the
distortion of filter window, unstable rotation of scanning frame, and contamination of
x-ray window. A poor detector channel will cause a clear ring artifact, and the dead
pixel will also cause the same artifacts. If the temperature of the detector is too high
or too low, the nonlinear response from the detector and the different performance of
the integral amplifier, there will be the fuzzy ring artifacts. Data collection system: the
components are also capable of generating artifacts. The development of CT imaging
technology is closely connected with the development of ray sources, high-resolution
X-ray detectors and various artifacts elimination algorithms. On the one hand, based
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on the traditional absorption of single energy spectrum X-ray CT imaging, different
substances may correspond to similar or identical CT values, resulting in the incapability
to effectively distinguish target information through CT images. On the other hand, the
spatial resolution is limited by the focus size of the X-ray source, the size of the detector
pixel unit, the size of the measured objects, and the object image magnification ratio.
There is a direct method to develop and improve the spatial resolution, including directly
reducing the size of radiation source or detector pixel, and directly obtaining the resolved
projection data through the magnification ratio of the object image. Besides, there is an
indirectmethod to develop and improve spatial resolution. For instance, the current nano-
CT or µ-CT imaging produces the focal depth fine beam to form an enlarged projection
image on the detector through the X-ray lens.

4 Conclusions

This paper implementsCT system transformation fromDR imaging equipment. Through
the overall planning of the X-ray source, X-ray detector, mechanical controlling, pro-
jection data collection, image reconstruction, and three-dimensional display, our team
realizes the integrated operation interface, which not only improves the work efficiency,
simplifies the operation process, and stabilizes the system, but also provides a more
convenient and efficient inspection imaging for the nondestructive testing of nuclear
fuels and nuclear materials. Through the necessary CT imaging technology conditioned
experiment, the paper explores the suitable CT three-dimensional imaging parameters
for the specific workpiece. The newly transformed apparatus is capable of realizing a
spatial resolution of 41 p/mm and a density resolution of 1%. Through three processes
of CT scanning, data reconstruction and image analysis, the volumetric defects within
the sensitivity range (0.4 mm) and the dimension measurement (3–5)% error can be
identified. Through analyzing and discussing the key factors in the imaging process, the
paper proposes the core issues and development goals of developing high-quality CT
imaging technology, providing a reference for related research in the future.
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Abstract. In some nuclear power plants, the overpower�T protection signalmay
be triggered during the reactor trip test unexpectedly, which may guide operators’
unexpected operations. A reactor trip protection control logic model is established
to simulate the response of overpower �T protection channel and the onsite data
in the period of reactor trip test, such as nuclear power, �I, etc., are used as inputs
for this model. The results show that protection signals simulated by the model
are almost consistent with the process of triggering protection signal in plant.
According to the simulation, the drastic change of core �I during the reactor trip
process is the main cause of triggering overpower �T protection signal. In order
to reveal the mechanism of �I change in the process of reactor trip and develop
corresponding strategies, a two-group three-dimensional transient neutron code
(SMART) is adopted to study the physical process of reactor trip test. The effects of
initial core state parameters on�I evolution during reactor trip are studied.And it is
concluded that the initial�I and R bank position are the main factors affecting the
extreme value of�I in the process of reactor trip. To avoid unnecessary overpower
�T triggering in reactor trip test, a xenon oscillation method is proposed and
proved to be effective according to SMART’s simulation results.

Keywords: Reactor Trip Test · Three Dimensional Transient Simulation ·
Overpower �T Protection · Xenon Oscillation Method

1 Introduction

The reactor trip test is a normal and necessary operation in nuclear power plant to verify
the reactor ability of recovering to stable conditions after triggering reactor trip without
starting the emergency feedwater system and safety injection system. The test is usually
conducted in the first cycle of CPR1000 PWR and all the control rod banks drop after
the manual shutdown. Recently, it was found that in the process of reactor trip, the
overpower �T protection signal is triggered, and then the process is directly guided into
the emergency operation criterion (ECP1) according to the criterion “Boron Dilution
Alarm shutdown” of SOP program. After that, the unit is switch to the fuel pool cooling
and treatment system (PTR) to fetch water, which is inconsistent with the expected
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shutdown DOS program to stabilize the unit. After analyzing the onsite data, it is found
that the fundamental reason for triggering the protection signal is the drastic change of
axial power difference (�I) which caused by the insertion of control banks during the
reactor trip process.

�I is a parameter characterizing the axial power distribution, which is defined as
follow:

�I = PH − PB;
where PH and PB are relative power of the upper and lower part of the core respectively.

To verify if the protection systems work properly and the reason why the �I change
so drastically in the reactor trip process, two major works are conducted in this paper.
Firstly, a reactor trip protection control logic model is established exactly the same as the
plant to simulate the response of overpower�T protection channel and the onsite data in
the period of reactor trip test, such as nuclear power, �I, etc., are used as inputs for this
model. The results show that protection signal will be triggered too. Secondly, the two
group three-dimensional transient neutron code (SMART) is used to study the physical
process of reactor trip test, and the accuracy of the model is verified by comparing
the simulation results with multiple plants’ experimental data. Afterwards, based on
the model, the key factors affecting �I in the process of reactor trip is analyzed under
different initial state parameters of the core. Based on the results, a theoretically feasible
method with constructing core xenon oscillation is proposed to improve the reactor
trip test. The simulation results show that this method can avoid triggering overpower
�T protection signal in the process of reactor trip test by using short-term axial xenon
oscillation of the core.

2 Reason Analysis of Triggering Overpower �T Protection Signal

The overpower �T protection channel [1] provides necessary protection in case of
overtemperature and overpower transient of the reactor, and ensures that there is enough
operatingmargin during normal operation transient to avoid triggering shutdown.During
the operation of the unit, the �T measured on-line is compared with the �T protection
setting value to judge whether the protection action is triggered or not. The setting value
of overpower �T protection channel is a function of the average temperature of reactor
coolant (measured by the temperature of cold pipe section and hot pipe section), the
speed of primary pump and the axial power deviation (measured by the external detector
of reactor).

The formula for calculating the setting value of overpower �T protection channel is
as follows:

�To.p = �Tnom ×
[
K4 − K5

(
τ5s

1 + τ5s
×

)
1

1 + τ1s
T − K6

(
1

1 + τ1s
T − Tnom

)

− K8

(
1

1 + τ7s

)(
�

�nom
− 1

)
− Fo.p(�I)

]
(1)

Among them:
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�To.p: Setting value of overpower �T protection;
�Tnom: Temperature differencebetweenheat pipe section and cold pipe sectionunder

nominal working conditions;
�nom: Nominal speed of primary pump;
�: Actual speed of primary pump;
Tnom: Nominal average temperature of core pressure vessel;
T : Measured average coolant temperature of primary loop;
s: Laplace variable;
Ki: �T protection channel coefficient (if T ≤ Tnom, K6 = 0; if Treduce, K5 =

0);
τi: Constant of control module time;
Fo.p(�I): Penalty function of overpower �T protection

The reactor trip when the measured temperature difference between cold and heat
pipe sections exceeds the setting value of protection channel.

The reactor trip test process only lasts for a few seconds, so the coolant temperature
in the primary loop can be considered unchanged because of the heat transfer delay. In
the process of reactor trip, the control rod banks drop from the reactor top to the bottom,
which will lead to the rapid reduction of core power. Besides, the core axial power
distortion occurs because of the rapid movement of control banks in the core vertical
direction which will lead to drastic change in core axial power offset. Therefore, the last
term in overpower�T protection channel named�I penalty function has great influence
on the setting value of overpower �T protection. For the first cycle in CPR1000 plant,
the function is shown in Table 1.

Table 1. �I penalty function of overpower �T protection signal

Onsite data

Overpower �T
FO.P.(�I)

�I ≤ 0.48 Fo.p.(�I) = 0.61

−0.48 < �I ≤ −0.23 Fo.p.(�I) = −2.44 × (�I + 0.23)

−0.23 < �I ≤ 0.28 Fo.p.(�I) = 0.0

0.28 < �I ≤ 0.62 Fo.p.(�I) = 1.50 × (�I−0.28)

�I > 0.62 Fo.p.(�I) = 0.51

The overpower �T protection channel is simulated and the onsite �I data in the
reactor trip test are used as inputs for this model to analyze (see Fig. 1). It can be seen
that the drastic change of �I in the reactor trip process is the direct cause of triggering
the overpower �T protection signal.
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Fig. 1. The simulation of overpower �T signal triggered

3 Modeling the Physics Process of Reactor Trip Test

The transient duration of the reactor trip test is about 2s from the beginning of the
control banks dropping to the bottom of the reactor. During this period, the average
coolant temperature in the primary loop is almost constant. The core power is mainly
affected by the control banks value and doppler feedback, and the moderator feedback
can be regarded as almost zero. Therefore, the influence of thermal hydraulic parameters
can be ignoredwhen considering themodel. In this paper, a three-dimensional two-group
transient neutronic codes named SMART, is used to simulate the physical process of
reactor trip test with the same initial conditions as the target unit.

3.1 SMART Model

SMART is a three-dimensional neutronic code developed by Framatome and used in the
PWR fuelmanagement and accident analysis for decades. It can simulate some reactivity
insertion transient such as control rod drop and withdraw. Also, it can predict the core
xenon oscillation trend and the axial power distribution in the process.

In this simulation, the analysis is mainly divided into five parts, and the overall flow
chart is shown in Fig. 2:

1) Refer to the three-dimensional fuel management model. Simulation of reactor trip
test is carried out based on this fuel loading scheme.

2) Simulation of xenon transient. Because the main cause of triggering the overpower
�T protection signal is �I, the initial core power distribution (initial �I) must be
adjusted by xenon transient.

3) Initial state adjustment. Adjust the initial nuclear power and coolant temperature in
the core to the onsite initial state.

4) Core geometry and mesh adjustment. To capture the details of axial power distri-
bution, the core axial mesh is refined, and the geometry is expanded to full model
instead of one quarter.

5) Transient simulation of rod drop. The control banks insertion step vs time is defined
here.
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3D fuel management model

Simulation for xenon transient

Change initial power

Change to transient model

Remesh the axial mesh

Change geometry

The simulation of rod drop

Fig. 2. SMART analysis process

3.2 Detector Influence

The core power detectors are mainly used to detect the axial power offset and radial
power inclination of the reactor. The location of detector in core is shown in Fig. 3.
Because the mechanism of power detection is the thermal neutron fission, the signal
strength is mainly affected by the peripheral fuel assemblies neutron diffusion nearby
the detector. The proportion of each assembly is defined in advance according to the
Monte Carlo simulation. The radial power redistribution factor FRR is defined as the
ratio of the detector power after rod drop to that before rod drop at the same average
power:

FRRi =

n∑
j=1

aj ∗ Pj(Roddrop)

n∑
j=1

aj ∗ Pj(ARO)

, i = 1, 2, 3, 4

aj is the balance factor of peripheral components calculated by simulation, that is, the
weight of detector response to the average power of peripheral fuel assembly. Pj(Rod
drop) and Pj(ARO) are average assembly power for each component after and before
rod drop.

The onsite detectors’ responses are mainly affected by the peripheral components
power of the core, while the simulation by SMART calculates axial power distribution
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base on the power of the whole core. There may be some difference between the real
detector response and theoretic calculation. In order to assess the difference in the process
of roddrop, the detector response is calculated by algorithmdescribedbelow.The specific
method is as follows:

Calculate the axial power offset of peripheral components at time i:

AOij = Pij−up − Pij−down

Pij

Calculate the measured power of detector at time i:

Pd =
Pi ∗

n∑
j=1

aj ∗ Pij

P0 ∗
n∑

j=1
aj ∗ P0j

∗ P0

Calculation of axial power distribution measured by detector at time i:

�Id = Pd ∗
n∑

j=1

aj ∗ AOij

P0: Total core power at initial time;
Pi: Total core power at time i;
P0j: Peripheral component power at initial time;
Pij: Peripheral component power at time i;
Pij-up: Peripheral component upper power at time i;
Pij-down: Peripheral component down power at time i;
AOij: Axial power offset of peripheral components at time i;
Pd: Detector measured power at time i;
AOd: Detector measured axial power offset at time i;
�Id: Detector measured �I at time i

Because the initial detector is calibrated, the initial power of the detection response
is consistent with the initial power of the programmed simulation, both of which are P0.

Based on the method defined above, the �I change in the rod drop transient is
simulated. Figure 4 shows the �I comparison between theoretical detector’s response
and core average value. It can be seen that the difference of�I between detector response
and core average axial power distribution during rod drop is only about 1%FP, which
means we can use the core average �I to replace the detector response �I.

3.3 Control Banks Drop Curve

The control rod drop curve has a great influence on the reactivity insertion and axial
power distribution. The ideal way to obtain the rod drop curve is the data from control
bank step detector. Unfortunately, the accuracy of data acquisition is far from enough in
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Fig. 3. Detector location
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Fig. 4. Comparison of AO and �I between detectors response and core average value

2 s. Therefore, a few control banks drop curve coming from different rod drop tests and
a curve calculated by the rod drop codes [2–4] are selected as the inputs of the transient
calculation model. Under the test conditions, the other control banks drop from the top
of the reactor, while the Regulation banks(R banks) drop at the upper part of the reactor
core. Because there is no rod drop test data with R banks, a compromised way by fitting
drop curve of original test is proposed. According to the test data dropping from top
as shown in Fig. 5, the rod drop process can be divided into three phases: acceleration
phase, uniform phase and deceleration phase. The main difference between dropping
from top and in the upper part is the uniform phase time. The acceleration phase and
deceleration phase can be considered the same. Because the initial R banks withdraw
step is known, a R banks drop curve is constructed in Fig. 5 based on the theory above.

The simulation results of different rod drop curves are shown in Fig. 6. It can be seen
that the simulation results with Unit 1 has better agreement with nuclear power and �I
test data, so the Unit 1 rod drop curve is chosen in the next analysis. Based on this model,
this paper also simulates the reactor trip test process of other PWR units, and compares
their �I extreme values achieved in the test process. The comparison results are shown
in Table 2. It can be seen from the results in the table that the simulation results are in
good agreement with the test data.
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Table 2. The comparison results between tests and simulation in different nuclear power station

Unit Initial
power
(%)

Withdrawn
step of R
bank

Onsite �I (%FP) Simulating �I
(%FP)

Whether to trigger
�T signal

Initial
value

Extreme
value

Initial
value

Extreme
value

Onsite simulation

A 96.40 190 −9.24 −26.17 −9.21 −27.11 N N

B 97.80 190 −13.77 −29.50 −13.76 −30.11 Y Y

C 97.30 192 −9.61 −29.18 −9.56 −27.94 Y Y

D 98.87 184 −9.40 −27.56 −9.37 −27.00 Y Y

E 98.60 192 −12.30 NA −12.14 −29.02 Y Y

F 98.60 192 −11.10 NA −11.14 −27.95 Y Y

4 Investigation on Influence Factors of �I Change in Reactor Trip
Test

Because the initial state of the core has a great influence on �I in the process of reactor
trip, the initial axial power distribution, initial position of R bank and burnup of the
reactor core are analyzed in this paper.
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4.1 Initial Axial Power Distribution

The initial axial power distribution will affect the differential value during the rod drop
process, thus affecting the power decreasing rate and the change of �I. Therefore, the
influence of core power distribution (initial �I) is evaluated. The method is to keep the
R bank position unchanged, adjust the initial �I of the core to different values, and then
simulate the control banks drop. The analysis results are shown in Fig. 7. It can be seen
that the more negative the initial �I is, the slower the core power decreases, and the
more negative value of �I reached during rod drop.
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Fig. 7. Comparison of nuclear power and �I at different initial core �I

4.2 R Bank Position

R banks is mainly used as coolant temperature regulation, so its initial step is adjustable.
Because the reactivity value of R bank is relatively large, the initial position of R banks
determines the integral and differential reactivity value of R bank during the rod drop
process, thus affecting the power change during the reactor trip. Therefore, this section
evaluates the influence of the initial position of R bank. The evaluation method is that
keeping the initial �I unchanged and adjusting the R bank to different initial positions.
The analysis results are shown inFig. 8. It canbe seen that the larger theRbankwithdrawn
step, the slower the power decreasing rate, and the more drastic of �I change. From the
withdraw steps (210 steps) to the R bank insertion limit (179 steps), the influence of R
bank position on �I exceeds 5%FP.
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Fig. 8. Comparison of nuclear power and �I between different R bank withdrawn step

4.3 Influence of Burnup

Different burnup may affect the rod worth and core reactivity feedback character. This
section analysis five burnups from 150MWd/tU to 750MWd/tU in xenon equilibrium
state with the R bank adjusted to different positions. The calculation results are shown
in Fig. 9. From the analysis in the figure, it can be seen that in the range of 150MWd/tU
to 750MWd/tU, burnup has little influence on �I in the process of reactor trip. Besides,
under xenon equilibrium condition, no matter where the initial position the R bank
is, there is no obvious difference in the extreme value of �I, which will trigger the
overpower �T signal without doubt.

According to the above analysis, the following conclusions can be drawn:

1) The change of �I in the reactor trip process is an important factor affecting the
triggering of the overpower�T signal. The extreme value of�I determines whether
the overpower �T signal can be triggered or not.

2) Themain factor affecting the�I extreme value in the reactor trip process is the initial
�I and R bank positions of core. The more negative the initial �I is, the easier the
overpower �T signal is trigged. When the initial �I is the same, the larger the R
bank withdrawn step is, the easier the overpower �T signal is triggered.

3) In the burnup range analyzed in this paper, no matter what position the R bank is in
the regulation band under xenon equilibrium condition, the difference of�I extreme
value is small, and the overpower �T signal will be triggered.
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Fig. 9. Comparison of �I and overpower �T trip signal in different burnup
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5 Improvement Method

Based on the above conclusions, the overpower �T signal is triggerd undoubtedly
under xenon equilibrium condition. Under xenon disequilibrium condition, different
�I extremes can be obtained by adjusting �I and R bank positions before rector trip
test. Therefore, in this paper, a method of boronizing and withdrawing R banks together
is proposed to cause a xenon oscillation in the core (xenon strategy is shown in Table 3).
The xenon oscillation process is simulated by SMART codes and the simulation results
are shown in Fig. 10. In this xenon oscillation process, the �I continuously moves
towards in the positive direction within 7 h, so a more positive value of initial �I can be
obtained in this period compared with the xenon equilibrium condition (under the same
R bank position).

The �I, R banks position and boron concentration in different xenon oscillation
moments are selected as the initial states of the reactor trip test. The �I curve of the
reactor trip process is shown in Fig. 11-(a). The simulation is carried out based on the
protection logic of overpower �T signal. As shown in Fig. 11-(b), the reactor trip test
conducted after 1.9 h will not trigger the overpower �T protection signal. It can be seen
that the improved method can avoid triggering the overpower �T signal in the process
of reactor trip test.

Table 3. The strategy of xenon oscillation

Time (h) Power (fract.nom.) R bank position (insertion step) Boron concentration (ppm)

0 1 46 735.46

0.1 1 36 739.19

0.3 1 26 742.73
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Fig. 10. Evolution of �I under xenon transient
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Fig. 11. Comparison of �I and overpower �T signal in different xenon oscillation moments

6 Conclusion

In this paper, the reason of overpower �T protection signal triggered is revealed, and
a three-dimensional transient analysis model is established to reveal the mechanism of
triggering the overpower �T protection signal in the reactor trip test. The comparison
with the test data shows the rationality of the model selection. Based on the model,
various factors affecting the change of �I during the reactor trip test are analyzed. The
analysis results show that the initial axial power distribution of the core and the position
of R bank have great influence on �I during the reactor trip, while the influence on
burnup is relatively small. Based on these results, this paper presents an improved xenon
oscillation method for reactor trip test. The results of simulation show that this method
can effectively avoid the trigger of overpower �T protection signal during reactor trip
test, which can be used as a reference for test of new reactor.
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Abstract. The improvement of nuclear power economy is indispensable to the
safe and efficient development of nuclear power. This paper explores the scope
of economic evaluation of nuclear power based on literature and actual project
operation. The evaluation scope includes power plant level, grid level and external
level and this paper proposes a corresponding evaluation indicators based on the
above analysis. This paper qualitatively analyzes the characteristics and influenc-
ing factors of nuclear power economy based on the current situation of nuclear
power economy in China. Considering the difference between economic evalu-
ation standard and actual operation, the typical influencing factors of economic
evaluation indicators of power plant level are quantitatively evaluated. The econ-
omy of grid level and external level is analyzed by referring to foreign literature.
Finally, suggestions on improving the economic efficiency of nuclear power are
put forward from the aspects of economic evaluation standards and policies.

Keywords: Nuclear power economy · Evaluation scope · Evaluation indicators ·
Influencing factors

1 Introduction

Nuclear power is clean, low-carbon, safe and efficient high-quality energy. It plays an
important role in constructing modern energy system, realizing energy transformation,
protecting ecological environment, realizing carbon peaking and carbon neutrality goals,
promoting scientific and technological progress, improving national comprehensive
strength and guaranteeing national security.

However, in the context of the improved safety standards, themarket-oriented reform
of electricity, and the gradual cost reduction brought about by the large-scale develop-
ment of wind power, photovoltaic and other new energy sources, the economics of
nuclear power are also controversial. What is the prospect and the way out of nuclear
power?

In this paper, combined with the current economic status of nuclear power, the scope
and indicator system of economic evaluation will be explored, the characteristics and
influencing factors of nuclear power economy will be analyzed from qualitative and
quantitative perspectives, and suggestions for improving nuclear power economy will
be put forward based on economic evaluation standards and policy levels.
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2 The Connotation of Nuclear Power Economics

2.1 Scope of Nuclear Power Economic Evaluation

The economic evaluation of nuclear power has cost dimension and value dimension.
The core is to bring more value to investors and society with competitive cost. The
level of evaluation is progressive from micro level, medium level to macro level. As
shown in Fig. 1 [1], micro level refers to power plant-level assessment, medium level
includes grid-level assessment, and macro-level level includes environmental and social
impacts. From the perspective of cost, the micro is mainly the internal cost, while the
medium and macro are used to evaluate external cost. As a clean energy that can provide
stable baseload power, the external cost of nuclear power is very small, but in the market
competition, only the micro internal cost is usually measured.

Fig. 1. Scope of nuclear power cost evaluation

2.2 Nuclear Power Economic Evaluation Indicators

Internationally, the economics of nuclear power projects are often compared and ana-
lyzed by calculating the levelized cost of electricity (LCOE) and overnight cost per
kilowatt electric power. In China, the economics of nuclear power projects is evaluated
by calculating the total capital cost per kilowatt electric power, the average generation
cost and the on-grid electricity price during the period of operation.

The nuclear power economic evaluation indicator system corresponding to different
evaluation scopes is shown in the Fig. 2 below.

Fig. 2. Nuclear power economic evaluation indicator system diagram
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3 The State of Nuclear Power Economics

Most of the Nuclear Power Plants (NPPs) in operation in China are Gen-II, and the total
capital cost per kilowatt electric power is usually 11,000–14,000 yuan. Due to factors
such as delays, the unit total capital cost of Gen-III First-of-A-Kind (FOAK) nuclear
power units is 20,000–25,000 yuan, while the unit total capital cost of the subsequent
Gen-III nuclear power units is expected to be less than 16,000 yuan.

NPPs used to adopt the “One price for one plant” electricity policy, no matter how
much the cost, can always ensure a certain internal rate of return on capital. Later,
the benchmark electricity price policy was adopted. The upper limit of the electricity
price is 0.43 yuan/kWh or the local coal-fired benchmark electricity price (including
desulfurization and denitrification price), and the return on capital depends on the cost
of nuclear power. This is also themain reasonwhy the economic efficiency of theGen-III
nuclear power plant decreases after the investment cost increases. In the future, with the
continuous advancement of electricity market reform, the proportion of nuclear power
participating in market-oriented transactions will gradually increase, which will further
squeeze the economics of nuclear power.

4 Factors Affecting the Economics of Nuclear Power

4.1 Overview of Influencing Factors

There are many factors that affect the economics of nuclear power. The most basic
factor is the technical and economic characteristics of the power plant itself. In addition,
construction duration, load factor, economic life, discount rate, scale effect and learning
effect will all affect the economics of nuclear power to varying degrees [2].

(1) The technical and economic characteristics ofNPPs are themost important andbasic
factors affecting the economics of nuclear power. The constructability, operability
andmaintainability of the plantwill affect the cost of nuclear power. The complexity,
safety level, reliability requirements, achievable power plant construction period,
and the power plant capacity, efficiency, availability, fuel cycle (such as UOX cycle,
MOX cycle), as well as discharge fuel consumption depth, etc., will have an impact
on the composition and cost of nuclear power costs as well.

(2) Nuclear power construction requires huge investment, a long construction period
and a large proportion of capital cost. It is a typical capital-intensive project. Any
delay in the construction of nuclear power will seriously affect the economics, such
as the increased loans and the gradual rise of material costs and wages.

(3) The capital cost of NPPs is high, accounting for about 40%–60% of the generation
cost. The cost related to power output is mainly fuel cycle cost, which accounts for
a relatively low proportion of power generation cost, about 20%–30%, while the
fuel cost of coal power and natural gas power plants accounts for more than 60%.
Therefore, the economics of nuclear power is greatly affected by the load factor.
The higher the annual operating rate of nuclear power, the lower the unit power
generation cost.
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(4) Economic life refers to the life of a nuclear power plant when it is scrapped for
economic reasons, which will never be greater than its design life. The current
design life of NPPs is 40–60 years. Affected by the time value ofmoney, the benefits
after 30–40 years have shrunk significantly to the present value when discounting
is considered. Therefore, for the purpose of economic evaluation, the economic life
of NPPs is usually set as 30 years. However, there is still a lot of profit in the later
stage of actual nuclear power operation.

(5) The discount rate is an interest rate that reflects the time value of money, and
is used to convert the benefits and expenses that occurred at different times into
the equivalent value at the same time. It is expressed as the opportunity cost of the
country or regionwhere the power plant is built and operated. The discount rate has a
great influence on the economic analysis results ofNPPswith high initial investment
and long life. The economic comparison of nuclear power and other power plants
under different discount rates may draw diametrically opposite conclusions.

(6) The unit capital cost of nuclear power is calculated by electric power, and it is
an important indicator for evaluating the economics of nuclear power. Since the
proportion of unit capital cost of nuclear power in the generation cost is much
higher than that of conventional thermal power, reducing unit capital cost is of
great significance to improving the economics of nuclear power. When the reactor
type, technical conditions and external factors are basically the same, a power plant
with a smaller electric power capacity has a higher unit capital cost than those with
larger power capacity, that is, NPPs have capacity scale effect, and cluster reactor
construction at the same site also contributes to the total scale effect. The average
unit capital cost of a series of standardizedunits is lower than that of a single unitwith
the same characteristics but designed and built separately,mainly because of the first
reactor effect and the learning effect from serialized, standardized manufacturing
and construction.

4.2 Analysis of Typical Influencing Factors on Internal Economy

In addition to the impact of technical solutions on the work amount, the engineering
economic standard system also has a great effect on the parameters of consumption, other
expenses, operation and maintenance and fuel cost, electricity price and rate of return.
The following will select several typical evaluation standard parameters for detailed
analysis.

(1) Impact during the economic evaluation period

At present, the principle of Gen-II plus is generally continued to be used, and the
“economic evaluation period” is also considered as 30 years during the economic eval-
uation of the Gen-III nuclear power project. However, as the design life of the Gen-III
nuclear power plant (60 years) has been significantly extended compared with that of the
Gen-II plus (40 years), and most of the new domestic projects in the future are Gen-III
nuclear power projects, the industry has raised the appeal of appropriately extending the
economic evaluation period of the third generation nuclear power project.
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Taking a domestic Gen-III reactor as an example, it is roughly estimated (according
to Equity IRR (EIRR) of 9%, the electricity price of 0.430 yuan/kWh, and the total
investment cost of 17,000 yuan/kW). The independent impact results of the changes in
the project economic evaluation period on electricity price and total investment cost are
roughly shown in the Table 1 below.

Table 1. The economic impact of nuclear power under different economic evaluation periods

No. Economic evaluation
periods (years)

Marginal change of electricity
price (RMB cents /kWh)

Cumulative change of
electricity price (RMB cents
/kWh)

1 35 −0.72 −0.72

2 40 −0.46 −1.18

3 45 −0.32 −1.5

4 50 −0.21 −1.71

5 55 −0.14 −1.85

6 60 −0.1 −1.95

It can be seen from the above calculation that when the requirement of 9% internal
rate of return on capital is met, with the extension of the project economic evaluation
period, the estimated electricity pricewill be reduced to a certain extent, and the economy
of the nuclear power plant will be further improved, but the marginal effect of extension
is diminishing.

(2) The impact of loan repayment period

In the economic evaluation, the “domestic loan repayment period” refers to the
past experience of operating power plants, and is generally considered as 15 years.
However, with the implementation of the benchmark electricity price policy for nuclear
power and the promotion of electricity market-oriented reforms, the operating income
of newly-commissioned nuclear power units in my country has been affected to a certain
extent, and the pressure on enterprises to repay loans has also increased relatively. In
particular, the nuclear power projects to be built in the future are mainly based on the
Gen-III technology route, and their economic pressure is even greater. According to the
actual internal operation of the enterprise, after stress analysis and testing, the enterprise
generally needs at least 25 years to complete the full repayment of the principal and
interest of the domestic loan.

At present, some nuclear power projects have signed 20-year loan repayment agree-
ments with lending banks. After communication, if there are relevant documents in the
industry to support 25-year loan repayment, the bank agrees to sign an agreement with
the enterprise for 25-year loan repayment.

Taking a domestic third-generation reactor as an example, it is roughly estimated
(the construction price is 16,000 yuan/kW, and the capital return rate is 9% to calculate
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the electricity price inversely), the general situation of the on-grid electricity price under
different loan repayment years is as follows (Table 2).

Table 2. The economic impact of nuclear power under different loan repayment periods

No. Loan repayment
period (years)

Electricity price
(yuan/kWh)

Marginal
change of
electricity price
(RMB cents
/kWh)

Average
generation cost
(yuan/kWh)

Marginal
change of
average
generation cost
(RMB cents
/kWh)

1 15 0.425 / 0.26 /

2 20 0.414 −1.13 0.27 1

3 25 0.406 −0.81 0.279 0.9

It can be seen from the above that with the extension of the loan repayment period,
the increase in the interest repaid by the project leads to a certain increase in the average
power generation cost. However, due to the reduction in the amount of loan repayment
amortized to each year, and the improvement of the project’s operating conditions and
cash flow, the on-grid electricity price calculated at a fixed rate of return has declined to
a certain extent, and the economy has improved.

(3) Impact of equity internal rate of return

At present, the reference value given in “Methods and Parameters of Economic Eval-
uation of Construction Projects” (Third Edition) and “Methods of Economic Evaluation
of Nuclear Power Plant Construction Projects” is 9%, which is not a mandatory parame-
ter. The value usually reflects the requirements and expectations of investors on the return
of capital, which can be different due to the different requirements and expectations of
investors on the return of capital. The “Standard for economic evaluation of wind farm
projects” (NB/T 31085-2016) stipulates that the EIRR of wind power projects is 8%,
and the EIRR when the benchmark electricity price of Gen-II nuclear power is approved
is 8%. The National Development and Reform Commission estimates thermal power
and other benchmark electricity price capital returns are considered by 8%.

Judging from the current overall situation of the power industry, in the context of
supply-side reform, power generation enterprises can appropriately reduce the return on
capital, but at the same time should reflect the basic income level. The current 10-year
treasury bond interest rate (risk-free yield) is about 3.3%, while the SASAC’s standard
for assessing the cost of capital for central SOEs is usually 5.5%.

Taking a third-generation reactor type as an example, it is roughly estimated (the
construction price is 16,000 yuan/kW, and the fixed capital rate of return calculates
the electricity price inversely), the electricity price under different yields is roughly as
follows (Table 3).
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Table 3. The economic impact of nuclear power under different EIRR

No. EIRR (%) Electricity price (yuan/kWh) Marginal change of electricity price
(10−2 yuan /kWh)

1 9 0.425 /

2 8 0.4115 −1.35

3 7 0.3989 −1.26

4 6 0.3868 −1.21

5 5 0.3756 −1.12

It can be seen from the above that with the decline in the expectation of capital return,
the electricity price level of the inverse calculation of the return on fixed capital is also
declining, and the marginal effect is diminishing.

(4) Impact of lending rates

Long-term loan interest rate for nuclear power projects in our base case is imple-
mented at 4.9% (effective interest rate 4.99%). If certain preferential loan policies are
considered, such as a decrease of 5%, 10%, 15%, and 20%, take a third-generation
nuclear power reactor as an example to make a rough calculation (the total capital cost is
16,000 yuan/kW, and the EIRR is 9%). The electricity price under different loan interest
rates is roughly as follows (Table 4).

Table 4. The economic impact of nuclear power under different loan interest rates

No. Effective interest rate (%) Electricity price (yuan/kWh) Marginal change of
electricity price (10−2

yuan/kWh)

1 4.99 0.425 /

2 4.74 0.4212 −0.38

3 4.48 0.4172 −0.4

4 4.23 0.4134 −0.38

5 3.98 0.4096 −0.38

It can be seen from the above that based on the assumed loan interest rate, for every
5% decrease in the interest rate level, the electricity price with a fixed capital yield of
9% decreases by about 0.4 cents/kWh, that is, the preferential loan policy has a certain
effect on the improvement of nuclear power economy.
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(5) Impact of market power

Due to the gradual increase in the proportion of nuclear power participating inmarket-
oriented transactions, some power plants have already been between 30% and 46%.

Taking a domestic Gen-III nuclear power reactor as an example, it is roughly esti-
mated (the total capital cost is 16,000 yuan/kW, and the annual utilization is 7,000 h),
of which the benchmark electricity price of nuclear power (0.43 yuan/kWh) is used for
5,000 h, and the remaining 2,000 h are based on market bidding (considering 0.43 yuan,
down 5%, 10%, 15%, 20%, 25%, 30%), the EIRR is as follows.

Table 5. Indications of the impact of market electricity prices

No. Planned
power (h)

benchmark
electricity
price
(yuan/kWh)

Market power
(h)

market
electricity
price
(yuan/kWh)

EIRR (%) Marginal
change of
EIRR (%)

1 5000 0.430 2000 0.430 10.44 –

2 5000 0.430 2000 0.409 9.97 −0.47

3 5000 0.430 2000 0.387 9.51 −0.46

4 5000 0.430 2000 0.366 9.02 −0.49

5 5000 0.430 2000 0.344 8.57 −0.45

6 5000 0.430 2000 0.323 8.09 −0.48

7 5000 0.430 2000 0.301 7.58 −0.51

As can be seen from the above table, every 5% drop in the market electricity price
for 2000 h will affect the internal rate of return of the project capital by about 0.47%,
and the decline rate is about 5%, which has a greater impact on the economics of nuclear
power. Due to the high cost of nuclear power construction, it is necessary to ensure a
certain number of annual utilization hours and electricity prices to recover fixed costs.

(6) Impact of batch

The international experience of nuclear power development shows that in the process
of standardization and batch construction of nuclear power units, due to various factors
such as proficiency in skills, accumulation of experience, and improvement of manage-
ment, the productivity will increase, and the unit total capital cost of nuclear power units
will gradually decline. This phenomenon is called the learning effect. The cost reduction
due to the learning effect can be described by a learning curve. Different product series
have different learning curves and learning rates. For nuclear power, the construction
frequency, the number of constructions on a single site, the construction market condi-
tions, the degree of standardization and the level of construction management will all
have a certain impact on the learning rate.
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Due to the scheme effect of nuclear power, that is, the development surcharge
involved in the FOAK project. This is necessary to complete the design, development,
qualification, testing of new systems, new equipment, and obtain manufacturing, con-
struction licenses and authorizations. It varies with technological progress and the degree
of standardization and procurement policies, but it has nothing to do with the number of
units in the standardized series and is relatively fixed, which is a one-time cost.

If it is expected that a certain model can be developed in batches, such as about 8
units, then the additional one-time cost of FOAK can be shared among the series of
units, thereby improving the overall economy of the model. For recurring costs, it can
be reduced by learning effects, with a learning rate of 3%–10%. Even if it is a recurring
cost, if considering the construction of multiple reactors at a single site, the site-related
costs can be allocated within a small area. If the multi-site group reactors are located in
the same area, the shared off-site emergency facilities costs can also be shared, so that
there is a possibility of further economic improvement.

4.3 External Cost and System Cost

4.3.1 External Cost

The external cost of nuclear power is relatively small. According to “synthesis on the
economics of nuclear energy WPEN2013-14”, the external cost of nuclear power in the
case of no nuclear accident is compared with other forms of power generation as in Fig. 3
[3].

Fig. 3. Different energy external costs

After considering a certain risk of nuclear accident, the added value of the external
cost of nuclear power is about 0.1–3 EUR/MWh (EUR 2012).

As the internal cost of nuclear power has taken into account the cost of post-treatment
of spent fuel, the cost of treatment and disposal of medium and low radioactive waste,
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decommissioning fund and insurance, etc., that is, some external costs have been inter-
nalized and not all countries include costs such as greenhouse gas emissions in the
internal costs of power plants.

The external costs of nuclear power are still significantly better than those of fossil
fuel power plants.

4.3.2 System Cost

The so-called system cost in foreign literature mainly refers to backup, balancing cost,
grid connection, grid strengthening and extension, etc. Domestic auxiliary services refer
to the services needed to maintain the safe and stable operation of the power system
or restore system security, ensure the safe, high-quality, and economical operation of
the power system, maintain the legitimate rights and interests of power companies, and
ensure the supply of electrical energy and meet the requirements of voltage, frequency,
and quality. It includes basic auxiliary services and paid auxiliary services (basic aux-
iliary services include primary frequency regulation, basic peak regulation, and basic
reactive power regulation. Paid auxiliary services include automatic generation control
(AGC), paid peak regulation, paid reactive power regulation, and automatic voltage con-
trol. (AVC), spinning reserve, hot spare, black start). The connotation of foreign system
cost is greater than that of domestic auxiliary services.

Although nuclear power usually operates at base load for economic reasons, it has
a certain load-following capability from a technical point of view, which gives it an
advantage in system cost compared with new energy sources such as wind power and
photovoltaics. Please see Table 6 [3] for details.

As shown in Table 7 [3] and Table 8 [3], nuclear power has a smaller system cost,
higher than coal and gas-fired power plants, butmuch lower thanwind and photovoltaics.
At the same time, with the increase in the proportion of power sources, the system
costs of nuclear power, coal-fired and gas-fired power plants remained unchanged or
slightly decreased, while the system costs of wind power and photovoltaics increased
significantly.

Table 6. Load tracking capabilities of different energy sources

Start-up time Maximal change in 30 s Maximum ramp rate

Open cycle gas turbine
(OCGT)

10–20 min 20–30% 20%/min

Combined cycle gas turbine
(CCGT)

30–60 min 10–20% 5–10%/min

Coal plant 1–10 h 5–10% 1–5%/min

Nuclear power plant 2 h–2 days up to 5% 1–5%/min
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Table 7. Comparison of system costs of different energy sources in Germany1 (2011USD/MWh)

Technology Nuclear Coal Gas

Penetration level 10% 30% 10% 30% 10% 30%

Back-up costs (adequacy) 0.00 0.00 0.04 0.04 0.00 0.00

Balancing costs 0.52 0.35 0.00 0.00 0.00 0.00

Grid connection 1.90 1.90 0.93 0.93 0.54 0.54

Grid reinforcement and extension 0.00 0.00 0.00 0.00 0.00 0.00

Total grid-level system costs 2.42 2.25 0.97 0.97 0.54 0.54

Table 8. Comparison of system costs of different energy sources in Germany2 (2011USD/MWh)

Technology Onshore wind Offshore wind Solar

Penetration level 10% 30% 10% 30% 10% 30%

Back-up costs (adequacy) 7.96 8.84 7.96 8.84 19.22 19.71

Balancing costs 3.30 6.41 3.30 6.41 3.30 6.41

Grid connection 6.37 6.37 15.71 15.71 9.44 9.44

Grid reinforcement and extension 1.73 22.23 0.92 11.89 3.69 47.40

Total grid-level system costs 19.36 43.85 27.89 42.85 35.65 82.96

5 Conclusions

In order to cope with climate change, it is necessary to establish a clean and efficient
energy supply mix. Nuclear power, which is clean, safe, stable and flexible, will be an
important option in the energymix.At present, economy seems to be the factor restricting
its development.

The current cost of Gen-III nuclear power is relatively high, but its inherent technical
and economic characteristics show a good economic potential. In addition, with the
breakthrough of advanced fuel and material technologies, as well as the application
of digital and intelligent technologies, nuclear power will achieve an effective balance
between technology and economy and have a better economic prospect.

From the perspective of the full range of costs, nuclear power has a certain economic
advantage, but the current economic evaluation focuses on internal costs, and the internal
cost advantage is not prominent. Therefore, to improve the economy of nuclear power,
one solution is to better control the internal cost, the other solution is to internalize the
external cost, reflecting the comprehensive cost advantage.

Based on the above analysis, it is suggested to improve the economy of nuclear
power:

(1) Appropriately extend the economic evaluation period of Gen-III advanced nuclear
power. It is recommended to be clearly stated in the standard specification that the
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economic evaluation period of the Gen-II plus project is still considered as 30 years,
while that of the Gen-III project is considered as 40 years.

(2) Provide low-interest loans or discount policies for NPPs, explicitly support appro-
priate extension of loan repayment terms, but the longest term should not exceed
25 years which may better match the depreciation life.

(3) Nuclear power investors appropriately reduce the EIRR. It is specified in the stan-
dard specification that each unit can choose the EIRR by itself based on its own
capital cost and investment expectation.

(4) Create a good policy and regulatory environment to promote the sustainable and
stable development of nuclear power and moderate mass production, so as to obtain
a better learning effect and reduce the cost of subsequent units.

(5) In the context of electricity marketization, research and introduce carbon pricing
strategies to take advantage of the lower external cost of nuclear power.

(6) Internalize grid system costs when feasible and necessary.
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Abstract. Atmospheric dispersionmodels (ADMs) have beenwidely used in sim-
ulating the contamination from released pollutants, which supports the emergency
response and assist the inverse modeling for unknown source, due to its balance
between accuracy and speed of calculation. The Micro-SWIFT-SPRAYmodeling
system (MSS) is one of the candidates that are able to accurately reproduce the
wind and concentration fields with inputs of meteorology, topography, and source
information. The obstacle treatments benefit its performance over dense buildings.
Applying the optimal parameters to MSS, both the local and small-scale simula-
tions were carried out in the vicinity of the same nuclear power plant (NPP) site
with dense buildings and surrounded by mountains and sea. In these scenarios,
the airflows came from the NE direction and cross over the sea and buildings to
mountains. Both the wind and concentration results were evaluated against the
measurements of two wind tunnel experiments. The results demonstrate that MSS
can reproduce the variations of wind and concentration towards the changes in
terrain elevation or building layout. The local-scale simulation well matches the
measurements in the mountain area, whereas the small-scale one better recon-
structs those around the buildings. The clusters of wind direction and speed are
found that result from the topography of monitoring networks. The high concen-
tration area around the release position is successfully reproduced, which indicates
the turbulence is sufficient facing complex obstacles. Besides, MSS outperforms
the concentration simulations in the local-scale scenario with a FAC5 of 0.710
and a FB of −0.010. However, the VG of the local-scale scenario reaches 15.510
meaning many extremes are introduced. The small-scale scenario obtains a lower
VG of 2.303. Considering different performance dominances of two scales, nest-
ing grids may bring improvement in the case both the simulations in the mountain
and building areas are meant for the emergency response.

Keywords: Atmospheric dispersion · Wind field reproduction · Concentration
simulation · Wind tunnel data validation

1 Introduction

Atmospheric dispersion models are designed to simulate the behaviors of ambient pollu-
tants when released into the atmosphere, involving the wind-driven advection, turbulent
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diffusion, deposition, material transformation, and decay if considering radionuclides
[1–5]. They can provide the spatiotemporal distribution of the contamination, with the
input of source information, meteorological data, terrain, and land use data. In the early
phase of emergency response, the impact of unplanned release into the atmosphere can
be predicted with ADMs, which support the decision-making of appropriate counter-
measures for public protection andmonitoring arrangements. Besides, the ADMS is also
an indispensable tool for inverse modeling in the case of unknown sources [6].

To ensure the required speed of response, many Gaussian plume models are devel-
oped which assumes point-wise source released in the homogenous and stationary wind
and turbulence intensity, e.g., ADMS [7] and AERMOD [8]. In local-scale modeling,
physical turbulence parameterizations replaced the empirical stability classes to improve
model accuracy [9]. Gaussian puff dispersion models have been also developed which
hybrid the Gaussian plume modeling with Lagrangian modeling, e.g., RIMPUFF [10].
The appropriate scale of cases using such Gaussian-based is the local scale of 1–10 km
andmay oversimplify some dispersion patterns, even the urbanizedADMS-Urbanmodel
[9, 11]. In contrast, the computational fluid dynamics method (CFD) provides solutions
for reproducing complicated dispersion patterns, especially the scenarios with a built-
up area like buildings [12]. But CFD method requires quite more computational time
compared to Gaussian-based models, due to handling with the Navier-Stokes equations.
Considering the limited resources in operational platforms, a compromise between the
accuracy and the response time is unavoidable.

The Micro-SWIFT-SPRAY (MSS) is a promising system for fast airflow and disper-
sion modeling that ensembles a trade-off approach for the obstacle parameterizations
using Röckle’s method [13]. Both modules of MSS, i.e., SWIFT and SPRAY, are able to
consider the presence of obstacles. Among them, SWIFT provides the derived diagnos-
tic turbulence around an obstacle area, and SPRAY, therefore, treats bouncing against
obstacles and computes deposition on walls or roofs [11]. The applicate scenarios of
MSS refer to both the local and the small scale in the vicinity of heterogeneous terrain
and complex obstacles. Many efforts have been made to evaluate the performance of
MSS (or one of its modules) in different scenarios, including the field experiments with
complex terrain e.g. WSMR [14], DP26 [15], and OLAD [16], or with buildings e.g.
MUST [17] and Jack Rabbit II [18], or referring to real cities as Oklahoma [19], Rome
[20], and Paris [21]. Besides, there are also many evaluations of MSS based on wind
tunnel experiments, e.g., RUSHIL [22], a case with a replicated urban area [23], and
cases with a replicated nuclear power plant (NPP) site [24–27].

In practice, the NPP sites are commonly located with complex layouts and are sur-
rounded by mountains and rivers. The sensitivity analysis of MSS applied to such sce-
narios in the local scale [25] and small scale [27] guides the parameter optimization
as the number of particles, the horizontal and vertical resolutions, and the lower bound
of turbulence intensity. The comparison of MSS performance in the same NPP site but
with different scales remains to carry out for demonstrating the differences in dispersion
behaviors and serving as a reference for scale selections in the operational application.
Herein, two atmospheric dispersion scenarios of local and small scales have been applied
in anNPP site featuredwith the aforementioned topographywith the corresponding opti-
mal parameters. These scenarios are all with NE direction airflow incoming, across over
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buildings to mountains. The simulation involves wind and concentration fields, which
are further compared to measurements from wind tunnel experiments qualitatively and
quantitatively.

2 Materials and Methods

2.1 MSS Modeling

MSS is a 3D flow and dispersion modeling system that works well in both local and
small-scale simulations. It is constituted by two individual modules, i.e., the SWIFT and
the SPRAY [5]. This system has a parallelization version called PMSS [3].

SWIFT is a diagnosticwindfield generator featuredwithmass-consistent and terrain-
following over complex terrain, which was derived from the MINERVE wind model
[16]. This module can ultimately provide the wind, turbulence, pressure, temperature,
humidity, and other variables with the input of topography data over the entire calcu-
lation domain and meteorological data from sparse monitoring sites. The main steps of
SWIFT operation involve the determination of an initial field by interpolation of raw
data, the modification of previous fields considering the presence of obstacles, and the
adjustment of the final non-divergent field that satisfies the boundary conditions, atmo-
spheric stability, and consistency equation. This mass-consistency is achieved via Eq. (1)
which minimizes the difference between the modified and initial wind vectorsU andU0
over the calculation volume V under the mass conservation constraint [11].

min
U

∫
(U − U0)

2 dV with div (U) = 0 (1)

SPRAY is a Lagrangian particle dispersion calculator, which can reproduce the
physical and chemical behaviors of airborne pollutants released in various atmospheric
conditions, with the input of emission information, meteorological fields, and obstacle
descriptions if required.

In this module, pollutants are treated as a certain number of fictitious particles.
These particles can be considered as the indivisible unit of pollutants, and their 3D
distribution represents the spatial pattern of the pollutant. The velocity of one particle
is the time-integrated of a transport component that defines by the averaged wind, and
a stochastic component that stands for the influence of turbulence. The concentration
field is therefore determined by calculating the density of particles on each grid. The
motion of one particle P at the location Xp and time t is formulated as Eq. (2), which is
the aggregate of the average wind and a stochastic component.

dXp(t)/dt = Up(t) (2)

dUp(t) = a(X,U)dt + √
B(X, t)dtdµ (3)

where a and B are generally functions of position and time, while dµ is a stochastic
standardized Gaussian term.
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2.2 Wind Tunnel Experiment

Two wind tunnel experiments under a neutral stratification situation were conducted
by China Institute for Radiation Protection (CIRP), with incoming airflows of 3.8 m/s
(in a real-world scale) from the NE direction. Both the surface topographic models of
experiments replicated the heterogeneous topography and dense buildings at a nuclear
power plant site in China, but with different scales of 1:2000 and 1:600 that represent
local and small scenarios (Fig. 1). Among them, the release location of tracers is in the
domain center (the star in Fig. 1), in the vicinity of many buildings placed. Besides,
there is mainly flat terrain of sea area in the upwind direction of the release position
and continuous mountains in the downwind direction. In the experiments, the airflow
or concentration is sampled and measured when the mass reaches a steady state. The
numerical conversion of measurements is based on the similarity theory.

Fig. 1. Topography of wind tunnel experiments.

The measurement networks of wind fields are presented in Fig. 2, where the left
and right panels represent local and small scales respectively. These sites are located
around the release position and are distributed along with the NE direction. The local
scale scenario places more sites in the mountain area, while the small scale one owns
dense sites around the building area. The total number of measurement sites is 50 in two
scenarios.

As for the measurement networks of concentration fields, the amount of sites is
varying in different scenarios. The local scale scenario owns 244 sites whereas the small
scale scenario takes 179 sites, due to the consideration of network density and measure
accuracy. These sites are placed from near the release position to the downwind area,
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Fig. 2. Networks of wind measurements.

and the density of the sites is generally sparser with the distance further away. Similar
to the placements of the sites for wind measurement, the arrangement of sites in the
local scale scenario deep extends to the mountain area, whereas the small scale scenario
covers more areas around the buildings (Fig. 3).

Fig. 3. Networks of concentration measurements.

2.3 Model Parameter Settings

The parameter settings of MSS used to simulate in different scales are according to
previous sensitivity analysis [25, 27]. Essential inputs were collected to drive the sim-
ulations, e.g., the annual meteorological observations from monitoring stations, terrain
elevation, and building information, which obey the relevant relationship of the wind
tunnel experiments. The calculation domain of the local scale scenario is 15 km× 15 km,
whereas that of the small scale is 3 km × 3 km. For both scenarios, the emission time
step was set to 10 s, and the averaging period was 600 s. Besides, the dispersion duration
was all set to 4 h to ensure that the airflow and concentration reach a steady state. The
turbulence calculation follows the Louis model [28]. Other key parameters are listed in
Table 1, including the grid size, the number of particles released per time step, and the
lower bound of turbulence intensity.
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Table 1. Key parameters of MSS simulations.

Parameters Local scale Small scale

Horizontal grid size 100 m 5 m

vertical grid size 10 m 5 m

Particle number (per time step) 10,000 10,000

Low bound of turbulence intensity (m/s) SUMIN, SVMIN, SWMIN 0.9, 0.9, 0.3 0.3, 0.3, 0.3

2.4 Statistical Evaluation Methodology

Quantitative evaluation of MSS modeling in the aspect of model-to-measurement dis-
crepancies of concentration fields. The used statistical metrics include the fraction of
predictions within a factor of 2 (FAC2) and 5 (FAC5), fractional bias (FB), and geomet-
ric variance (VG). FAC2/5 can provide robust access over outliers. And FB measures
the mean bias of pairs of data, whereas VG works well for indicating differences across
orders of magnitude. These two metrics are defined as follows:

FAC2= fraction of data for which 0.5 ≤ Cp

Co
≤ 2.0 (4)

FAC5= fraction of data for which 0.2 ≤ Cp

Co
≤ 5.0 (5)

FB = 2

(
Cp − Co

Cp + Co

)
(6)

VG = exp

(
1

N

∑
i

ln

(
Cp

co

)2
)

(7)

where Cp and Co are the predicted and observed values of concentration respectively. C
denotes the average values of simulations or measurements.

3 Results and Discussion

3.1 Wind Field

Figure 4 exhibits the simulated wind field of two scenarios compared with the mea-
surements obtained from sites in Fig. 2. For the local-scale simulation, the calculation
domain is featured with many mountains (Fig. 1), most of which are located in down-
wind places. The airflows show a consistent tendency with terrain changes when passing
over mountains, which is manifested by their increased speed and deflected direction
(red arrows in Fig. 4a). The spatial distribution of measurements confirms the accuracy
of the trend (blue arrows in Fig. 4a). Due to the length of buildings varies from 5.2 m
to 225 m, a horizontal grid size of 100 m may smooth out some details of the airflows
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in the building area. For the small-scale simulation with a grid size of 5 m, it allows a
comparison of wind changes in the building area that occupiesmost of the domain center.
As shown in Fig. 4b, the speed of airflows in the gaps between buildings is noticeably
low, whereas those across the sides of buildings show overestimated speed. Although
biased speed, the wind direction there was adjusted according to the building layout and
reaches a high consistency.

The scatterplots in Fig. 5 compare the direction and speed of airflows that are simu-
lated and measured at the monitoring sites. For the local-scale scenario, the clusters of
simulated direction and speed are around 42 and 3 m/s respectively. This phenomenon
represents the evolution change of airflows along with the mountains where the lower
altitude exists. The accuracy in simulating the wind direction is high than the speed, as
shown in Fig. 5a and 5b that the variation range of direction is much narrower. However,
there are extremes out of 2 fold lines in both the direction and speed simulations. As
for the small-scale scenario, the clusters of around 62 and 2.3 m/s of simulation demon-
strate the behaviors of airflows around the buildings. The simulated direction is normally
overestimated when compared with the measurements (Fig. 5c). And there appears an
extreme of about 115 , of which the site locates in the narrow gap between two build-
ings. Some of the simulated wind speed is below 2 m/s but exist many overestimations
(Fig. 5d) which are consistent with the visual airflows in Fig. 4b.

3.2 Concentration Field

The simulated concentration fields are compared with the measurements in Fig. 6. Both
two scenarios show an overall satisfactory consistency between the simulations and the
measurements (Fig. 6a and 6c). For the local-scale scenario, some points in themiddle of
the plume are overestimated (the arrow in Fig. 6a), but theMSS succeeded in reproducing
the high concentration area (>10–11 s/m3) in the center of the plume and the upwind
of release position (the arrow in Fig. 6b). This phenomenon is absent in the previous
study using RIMPUFF mode [24], which demonstrates the importance of turbulence for
dispersion modeling in complex terrain and building layout.

Figure 6b also shows that the simulations are consistent with the measurements in
front of central mountains, but significantly overestimate the downwind direction of the
mountains. For the small-scale scenario, Fig. 6c shows that the model-to-measurement
discrepancies at the edge of the plume are within an acceptable range for those far away
from the release position (0 m< x< 1000 m), while the simulation at the central axis of
the plume is underestimated by one order of magnitude. Besides, the simulations around
the release position match the measurements well (Fig. 6d). However, the simulations
show underestimation at the rear of a building compared with the measurements (the
circle in Fig. 6d), for that the plume is affected by the building effects.

Table 2 summarizes the quantitative metrics of MSS modeling in two scenarios with
different spatial scales. For the local-scale scenario, the FB of −0.010 indicates a sig-
nificant low model-to-measurement discrepancy but the large VG of 15.510 reminds us
of the presence of many extremes. In contrast, MSS achieves a large FB while accom-
panied by a small VG. It demonstrates that the concentration varies by several orders
of magnitude, but the discrepancies between pairs of simulation and measurement are
not noticeable in logarithm. Comparing the FAC2/5, MSS outperforms in the local-scale
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Fig. 4. Comparison of simulated horizontal wind fields with measurements in the local (a) and
small (b) scales.

scenario, of which the simulations in the mountain area improve the overall scores. The
biased airflows on the sides of the buildings result in underestimated concentration,
which accounts for the worse FAC2/5.
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Fig. 5. Comparison of simulated and measured direction and speed in the local (a, b) and small
(c, d) scales. The red dots and blue crosses represent the sites near the buildings and mountains
respectively.

Fig. 6. Comparison of simulated concentration fields with measurements (colored squares) in the
local (a, b) and small (c, d) scales. (b) and (d) are the zoom-in plots for (a) and (c) respectively.
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Table 2. Performance metrics of concentration fields in sites of different scenarios.

Scenario FAC2 FAC5 FB VG

Local scale 0.370 0.710 −0.010 15.510

Small scale 0.239 0.543 −1.530 2.303

4 Conclusions

Fast and accurate support for public protection and arrangement of sampling is essential
in case of a nuclear emergency. ADMs are widely welcomed in such a situation rather
than the CFDmethod, thanks to a trade-off between accuracy and execution speed. They
can provide forward simulations of the movements of airborne pollutants released into
the atmosphere, which serve as a part of emergency response systems and assist the
source inversion. Among them, the MSS has been extensively evaluated and feedback
with benefit performances, which includes a modified mass consistent wind interpolator
and a Lagrangian particle dispersion model. The presence of an independent component
for obstacle treatments inside MSS enables it to fine model the atmospheric dispersion
around dense buildings.

In practice, the nuclear power plant (NPP) sites usually are surrounded by various
topography, e.g., the mountains and sea or rivers, and lies dense building layout. Both
local-scale and small-scale evaluations of MSS in the vicinity of such an NPP site have
been published,which provide suites of optimal parameters in these two scenarios includ-
ing the number of particles per time step, the horizontal and vertical grid sizes, and the
lower bound of turbulence intensity. But the comprehensive comparison of MSS’s per-
formance in the same topography but in different scales has not been demonstrated using
the recommended settings. Thus, two such scenarios were selected for MSS evaluation
with incoming airflows from the NE direction airflow incoming, across over buildings
to mountains. The simulations of MSS involve the wind and concentration fields, which
are further compared to measurements from wind tunnel experiments qualitatively and
quantitatively.

The results demonstrate the MSS reproduces acceptably accurate ground wind and
concentration. Due to separate processes for buildings, airflows display sharp changes
in building area, while those over mountain reserve details as well. The simulated wind
results show clusters of wind and speed in themonitoring sites, in which 42 and 3m/s for
the local-scale scenario and 62 and 2.3 m/s for the small-scale one. These differences
are related to the measurement networks of the wind and represent the influences of
nearby topography. Many local-scale sites are located in the mountain area, whereas the
small-scale sites are placed more in the building area.

For the concentration fields, the high concentration area around the release position
and its upwind area is well reproduced, due to the optimal lower bound of turbulence
intensity. MSS outperforms the concentration simulations in the local-scale scenario, in
which the FAC5 metric reaches 0.710 when comparing the simulations in monitoring
sites with measurements, whereas the small-scale scores 0.543 of FAC5. The negative
FBs in two scenarios indicate the frequent underestimations, which are −0.010 and
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−1.530 for local and small scales respectively. The VG of 15.510 in the local-scale
simulation shows many extremes are introduced. And the model-to-measurement dis-
crepancies in an algorithm are acceptable in the small-scale simulation, due to a VG of
2.303 although a large FB exists. The local-scale simulation of MSS benefits the perfor-
mance in the mountain area while that of the small-scale one is in the building area. A
nesting calculation domain may be required if both the mountain and building areas are
weighted equally to the emergency response.
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Abstract. Nuclear safety events report is an important part of news reports related
to nuclear power. Correct and appropriate reporting is very important for the pos-
itive development of public opinion and the emotional guidance of the public in
China, and it also directly reflects the overall level of China’s nuclear safety culture
construction. Based on the media ecology, this paper studies the evolution of the
concept and way of accident reporting in China, and taking the recent report of
Taishan nuclear power incident in 2021 as an example, discusses the differences
and changes in several public opinions in the brand-new media ecology mode,
such as the report way, the report idea and narrative subject, and puts forward
a new perspective and thinking, and holds that we should seek truth from facts,
be scientific and rigorous, use appropriate reporting and public communication
methods, and take advantage of news language and different narrative subjects to
make the real situation. I hope the new perspective of this paper can provide ref-
erence for future related work, and maintain the healthy and upward development
of our nuclear safety culture atmosphere.

Keywords: Nuclear Power · Report · Event · Accident ·Media · Ecology ·
Digital New Media · People Oriented

1 Introduction

Media ecology view [1] is the news cognition and rational thinking made by contem-
porary media ecology in order to establish the harmonious relationship among people,
media and society system and realize the virtuous circle of media ecosystem under the
condition of market economy. Aiming at the report of “nuclear safety Event” in nuclear
power industry, it is of great significance and function to learn the correct concept of
media ecology and establish the report concept and direction under the brand-new mode
of joint reporting by mainstream media (including TV stations, radio, newspapers and
magazines, etc.) and self-(new) media after 2008, so as to meet the test of market econ-
omy, launch all-round competition with western media giants, resolve the public opinion
crisis and establish a good nuclear safety culture atmosphere of sustainable development
in.
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2 Relationship Between Nuclear Safety-Related Events (Accident)
and Other Events (Accident)

2.1 Nuclear Safety Incident/Accident

Nuclear power plants and all facilities related to the civil nuclear industry, transportation
of materials in radioactivity and any incidents related to materials (or radiation) in
radioactivity are classified into seven levels: the higher Grade (4–7 levels) is classified
as an “accident”; The lower Grade (grade 1–3) is “event”. Events that do not have safety
significance are classified as zero level and designated as “deviation”. Incidents not
related to security are classified as “off-Classification” (Fig. 1).

Fig. 1. Classification of accidents and incidents

In the operation of civil nuclear power plants in China, there was a Class 1 incident
(abnormal, the operation of nuclear power plants deviated from the specified functional
scope), but this Grade had no impact on the outside, only the internal operation violated
safety standards, or minor problems that might involve safe operation occurred). The
rest are Class 0 events (deviation will not affect the nuclear safety of nuclear power
plants). There are only two major accidents of Grade 7 (radioactivity materials released
by nuclear power plants outside the plant, resulting in extensive health and environmental
impacts) in history, namely Chernobyl nuclear accident in 1986 and Fukushima Daiichi
nuclear power plant nuclear leakage accident in 2011.

The international atomic energy agencies require member states to promptly rate
nuclear incidents of Level 2 and above and those that cause media and public concern
and notify the international atomic energy agencies within 24 h [4].

2.2 Safety Incidents (Accidents)

Safety accidents refer to accidents that suddenly occur in production and business opera-
tions (including activities related to production and business operations), harm personal
safety and health, damage equipment and facilities, or cause economic losses, resulting
in temporary suspension or permanent termination of original production and business
operations (including activities related to production and business operations). Accord-
ing to the Regulations of the People’s Republic of China on Reporting, Investigation and
Handling of Production Safety Accidents promulgated by State Administration of Work
Safety Decree No.13 in July 2007, accidents are generally divided into the following
Class according to casualties or direct economic losses:
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(1) Special Major Accident refers to accidents that cause more than 30 deaths, or more
than 100 serious injuries (including acute industrial poisoning, the same below), or
direct economic losses of more than 100 million yuan;

(2) Major Accident refers to accidents that cause more than 10 deaths and less than 30
deaths, or more than 50 serious injuries and less than 100 serious injuries, or direct
economic losses of more than 50 million yuan and less than 100 million yuan;

(3) Major accidents refer to accidents that cause more than 3 deaths and less than 10
deaths, or more than 10 serious injuries and less than 50 serious injuries, or direct
economic losses of more than 10 million yuan and less than 50 million yuan;

(4) General accidents refer to accidents that cause less than 3 deaths, or serious injuries
to less than 10 people, or direct economic losses of less than 10 million yuan.

According to the Opinions of the Office of the Security Committee of the State
Council on Strengthening the Information Disclosure of Production Safety Accidents
issued in 2012, all regions and relevant departments are required to inform the public of
the information on the response and disposal of production safety accidents in a more
comprehensive, timely and detailed manner in accordance with the requirements of
“active disclosure”. First, it is necessary to timely and accurately release the information
of production safety accidents, especially accidents with great social impact and high
attention, so as to eliminate the space for false rumors and suspicions to spread. Second,
it is necessary to timely and accurately release the accident handling measures taken
by the government and the progress information of emergency rescue, grasp the trend
of social public opinion in real time, actively respond to social concerns, and eliminate
public doubts. And promote the investigation and accountability of production safety
accidents and information disclosure, and take the initiative to accept social supervision.

2.3 Public Emergencies and Disasters

Public emergencies [5] generally refer to “public emergencies involving public safety
that occur suddenly, pose or may pose major threats and damages to national security
and legal system, social security and public order, citizens’ lives and property safety in
the whole country or some areas, and cause huge casualties, property losses and social
impacts. For example, SARS in 2003 and COVID-19 in 2019.

Disaster refers to the phenomenon that great productivity and means of production
are destroyed to human society due to sudden natural disasters and disasters. Such as
Wenchuan earthquake in 2003.

2.4 Potential Relationship Between Incidents (Accidents)

Nuclear safety incidents (accidents) have many similarities with “accidents”, public
emergencies and disasters, all of which are sudden and urgent, which lead to rapid
changes in the social environment. The response to the regulatory authorities also requires
urgency, and the consequences are highly uncertain in the short term, that is, the envi-
ronmental changes cannot be accurately judged at the beginning of the events, which
may have a huge impact on society, that is, it has a serious impact on the normal ecology
and code of conduct of the social system, and even threatens the harmony and security
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of the country. In addition to the above characteristics, nuclear accidents have their own
particularities: Firstly, the diffusion is relatively concentrated, and radioactivity mate-
rials are mainly concentrated in the location of nuclear power plants and surrounding
areas, so there will be no similar epidemic spread in a wide area, but the early warning
time is short, and the early warning time of Validity is usually only a few hours, and the
nuclear accident process is fast and the impact is lasting. Radioactive element’s half-life
is very long, and some radioactive element and half-life even last for tens of thousands
of years; Radiation damage to human health is difficult to detect in a short time, long-
term and hereditary, and its medical effect is very limited. These characteristics are also
the root cause of the widespread and high attention of the society and the public to the
nuclear safety accident, even the “nuclear safety”, and it is easy to cause rejection and
fear emotionally!

3 Media Ecology and Characteristics of Accident Reports in China

3.1 Media Ecology

Media ecology refers to a science that explores and reveals the relationship between
man, media, society and nature, and the essence and law of development and change
with ecological viewpoints and methods [1]. Media ecology refers to a subsystem of
social ecosystem, which emphasizes the interaction between media system and social
system. Under the mutual checks and balances, the internal and external ecological
environment of the media promotes the development of the media and promotes the
virtuous circle of the media itself. The development of China’s media ecology has gone
through three stages: politicization stage, marketization stage and digitalization stage
[2].

The following data [6] cannot be ignored: According to the 48th Statistical Report on
Internet Development in China, as of June 2021, the number of Internet users in China
reached 1.011 billion, and the Internet penetration rate reached 71.6%; As of June 2021,
the number ofmobile Internet users in China reached 1.007 billion; The number of online
video (including short video) users in China reached 944 million; The number of online
payment users in China reached 872 million; The number of online news users in China
has reached 760 million; The Internet penetration rate reached 71.6%, exceeding the
global average (65.6% 21) by 6 percentage points. One billion users access the Internet,
forming the largest and vibrant digital society in the world.

3.2 Evolution of the Concept of Accident Reporting

It is an important part of news report and an object of great news value. Since the
founding of the People’s Republic of China, most scholars take 1978 and 2003 as the
demarcation points, and divide accident reports into several stages. Before 1978, the
reporting mode emphasized “the government’s care and guidance” and pursued strong
political propaganda, while relatively ignoring the relevant information of the acci-
dent itself, especially the human factors and consequences. From 1978 to 2003, when
SARS happened, news reports gradually involved the information level of the event
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itself, and changed from political weight to “matter-based”. The national level gave
correct guidance, but some local governments treated news reports conservatively or
even controlled when it involved local interests. After 2003, the news reports of events
(accidents) repeatedly broke the forbidden zone, and constantly pursued the accuracy
and transparency of information. Especially after the Wenchuan earthquake in 2008, the
main channels of reporting gradually formed a brand-new mode of joint reporting by
mainstreammedia and self-media from the originalmainstreammedia (includingTVsta-
tions, radio, newspapers and magazines, etc.), so the media also pursued the attention of
participants (including witnesses, witnesses, victims, investigators, responsible persons,
etc.) besides the events themselves, and the event reports changed from “event-based” to
“people-based”. Although there are many problems at this stage, such as over-reporting,
ethical disputes, lack of news literacy of new media and so on. However, with the rapid
development of Internet technology, the public’s demand for information under the new
situation of unprecedented diversification of communication subjects and contents, and
has a series of social impacts.

Several stages of accident reporting are corresponding, closely related and closely
related to several stages of media ecological development. Establishing a correct concept
of media ecology is of great significance and function for meeting the test of market
economy, launching all-round competition with western media giants, resolving news
crisis and establishing a harmonious society with sustainable development.

3.3 Reporting Basis and Present Situation of Nuclear Safety Event

The report of nuclear safety incident in China was officially released in October 2017
according to theNuclear Safety Law of the People’s Republic of China. The fifth chapter,
“Information Disclosure and Public Participation”, clarifies that relevant departments
should disclose nuclear safety-related information to the competent or regulatory author-
ities, the society and the public, and there is Article 65, “nuclear safety in that is disclosed
according to law should be disclosed to the public in a timely manner through govern-
ment announcements, websites and other ways that are convenient for the public to
know.” This provision clarifies the legality of reprinting and interpreting by new media
such as “websites and other ways that are access for the public to know”. In addition, it
also stipulates that “citizens, legal persons and other organizations shall not fabricate or
disseminate false information about nuclear safety rights.”

In June 1995, National Nuclear Safety Administration promulgated the Reporting
System for Nuclear Power Plant Operating Units (HAF001/02/01), which clarified the
relevant guidelines and format requirements for nuclear power plant operating units to
report National Nuclear Safety Administration incidents and operational incident reports
to the, as well as the requirements for periodic reports, important activity notices and
nuclear accident emergency reports. Through years of practice, in order to improve the
shortcomings in the implementation process. To further implement the relevant require-
ments of the Law, the Nuclear Power Safety Supervision Department organized and
formed the Regulations on Reporting Nuclear nuclear safety of Nuclear Power Plant
Operating Units, which was reviewed and approved by the Ministry of Ecology and
Environment on November 5, 2020 and implemented on January 1, 2021. There are
seven chapters and thirty-four clauses, which mainly specify the reporting requirements
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such as periodic report, important activity report, construction phase incident report,
operation phase incident report and nuclear accident emergency report. The reporting
criteria for operational events have been expanded from the original 9 to 12, whichmakes
it clear that events such as shutdown, exceeding safety limits or safety system setting
values, violating operation limits and conditions, serious deterioration of main physical
barriers, and real threats to the safety of nuclear power plants should be reported as
operational events, and relevant provisions on common cause events, cyber attacks and
fraud events have been added..

It can be seen here that the regulatory authorities have been improving the reporting
requirements of various incidents and accidents, and realism, objectivity and openness
have always been their basic attitude and starting point. At present, the report of civil
nuclear safety related events is basically the mode of official notification and media
report, and the content of the report is basically the event itself and related concepts.
Different media reports are basically reprinted, and there is no difference.

4 Examples of Nuclear Safety Incident Reports

In this paper, the report of an operation event of Taishan Nuclear Power Plant in 2021
and related public opinion are taken as cases for discussion.

April 9, 2021National Nuclear SafetyAdministrationwebsite news: “At 13:58:14 on
April 5, 2021, the radioactivity of dose of chimney gas dropped below the alarm threshold
of high 1, and the incident ended. During the whole event, the unit is in a stable state and
there is no other abnormality. After the incident, the operating unit carried out inspection
and Validation, and preliminarily analyzed that the alarm reason was that after the initial
water sealwas filledwithwater, a small amount of radioactivity gas unexpectedly entered
the water seal pipeline, and during the re-water seal filling process, the gas remaining in
the water seal pipeline was discharged to the chimney through the ventilation pipeline;
After calculation, the total amount of inert gas emitted in radioactivity this time accounts
for 0.00044% of the annual emission limit. According to Article 22 (9) radioactivity and
radiation exposure events in “of nuclear safety Reporting Regulations for Operating
Units of Nuclear Power Plants, this event is defined as a Class 0 operation event.”

On June 13, CNN reported that the US government was evaluating a report last
week about the “leakage incident” of Taishan nuclear power plant in China. He said that
before that, China’s security department was raising the acceptable limit of radiation
detection outside the plant to avoid the fate of nuclear power plants facing closure. French
Famatong Company, which participated in the operation of Taishan Nuclear Power Plant
in Guangdong Province, contacted the US government and asked the US for technical
support to correct the problem, “warning” that an “imminent nuclear radiation threat”
was about to occur in China. After CNN hype, keywords such as “nuclear radiation” and
“leakage” appeared on the Internet very quickly, and the first round of public opinion
aroused public concern.

On June 13th, CGNPC announced that the surrounding environmental indicators of
Taishan Nuclear Power Station were normal. On June 16, the relevant person in charge
of the Ministry of Ecology and Environment (National Nuclear Safety Administration)
responded to the situation of TaishanNuclear Power Plant in detail by asking questions at
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a press conference, saying that the radioactivity level radioactivity of the primary circuit
of Unit 1 of the nuclear power plant has been monitored at present, but it is still within
the scope of allowing stable operation, and the operation safety of the nuclear power
plant is guaranteed, and stressed that this is “completely different from radioactivity
leaking radioactivity”. On the same day, the International atomic energy Agency (IAEA)
indicated that it had received the latest information provided by the Chinese National
atomic energy Agency on the above issues. Zhongqian Nuclear Power Plant is in normal
condition, safe and secure operation, and there is no concern about radioactivity leakage
or environmental pollution. The IAEA said it would continue tomaintain communication
with Chinese national atomic energy institutions. Global Times, the mainstream media,
published an article on June 15th: “CNN refreshes the lower limit again! This time,
they came to spread rumors about Taishan Nuclear Power Plant in Guangdong, China.”
Reviewed and clarified the relevant facts in detail. It is pointed out that “CNN is writing
according to the potential risks of Class like Fukushima nuclear accident”; The United
States’ own restrictions on nuclear technology exports laid the groundwork for this hype.
In August 2019, CGN and its affiliated enterprises were listed by the United States as
“entities” in export control (Famatong needs to apply to the United States for exemption
if it wants to apply American technology to Taishan Nuclear Power Plant), so Famatong
contacted the United States to seek exemption for technology sharing. Of course, the
United States finally decided that the situation at Taishan nuclear power plant was not
critical, and rejected Famatong’s application to maintain export control to CGN.

Less than a month later, there was a second round of public opinion. On July 23rd,
EDF, the French shareholder of Taishan Nuclear Power, suddenly issued a statement,
which mainly meant that if the fuel damage was put in France, SHUTDOWN would
be overhauled, but whether China’s SHUTDOWN in depends on China’s opinions. The
statement may be highly technical. Nearly two hours after EDF official website issued
the press release, there were only five reprints and seven praises within one hour after
EDF official Twitter was reprinted. It did not cause social media shock. However, a
CGN statement on July 30th (the content is that Taishan Nuclear Power stopped to
operate SHUTDOWN from the perspective of conservative decision-making according
to relevant requirements, and just took advantage of this minor repair opportunity to
check and repair this fuel rod damage problem in advance), which triggered the third
round of secondary public opinion. Some media began to jointly ferment the second
round of public opinion and this statement. It was even rumored that 75 fuel rods were
damaged this time (the actual number was 5, accounting for 0.01% of the total).

On August 21-02-02, WeChat official account of nuclear energy industry published
“Talk Together: The Story Behind TaishanNuclear Power’s shutdown”, which explained
in detail the causes, probability, maintenance difficulty and acceptability of fuel rod
damage in shutdown, which is equivalent to a deep nuclear culture popularization and
clarifies the facts. Tencent. Com, Sohu. Com and Beijing Business Today also reprinted
some information.

So far, there have been no follow-up new reports from the mainstream media, but
there are still many comments, inquiries and controversies about this incident on the
Internet until December. The public has only seen some of the above facts due to factors
such as education, industry, age and Internet habits, which is easy to take them out of
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context. This article also specially consulted most of the media public information, only
to sort out the causes and consequences.

At the same time, looking at CNN’s operation techniques, we have to admit that it
skillfully uses news language in reporting, expands risks in an empatheticway, avoids the
important points, frequently uses sensitive words, and makes full use of the network to
achieve the purpose of hype,which adds troubles to the already complicated international
relations and affects the establishment of China’s peace and safety culture atmosphere.

5 Thinking

Nuclear facility operating units are fully responsible for nuclear safety. When nuclear
facility operating units adjust operational restrictions and conditions and report them to
the administrative department of nuclear safety under the StateCouncil for approval, they
need multi-party participation and follow-up. This incident reflects the lack of mutual
communication and cooperation among all parties, and the powers and responsibilities
of Supplier, operating units and nuclear safety supervision departments should be further
clarified.

News discourse [3] is a set of rhetorical discourse that pays attention to universality,
concreteness and innovation, in order to achieve a certain purpose of public opinion.
Media ecology holds that when the discourse shared by the knowledge interpretation
community enters the discourse context of news production, it must face the problem
of re-contextualization. It is not simply the transfer of meaning, but also pays more
attention to the coupling relationship between science and media, actively participates
in public expression, and especially achieves the expected reporting effect with the help
of the communication power of the new media platform. In the process of reporting
nuclear power events, story rhetoric can be introduced and used on the basis of scientific
background. On the basis of seeking truth from facts, describing narration with scenes
and sincere atmosphere can highlight the hardships and rigor behind scientific decision-
making. Emphasizing the role of “experts” is also an effective way. The news media
facing the public needs the scientific discourse of experts, while the knowledge commu-
nity represented by experts needs the media to speak out to the society. Qiao Sukai (fuel
rod maintenance expert) and David Fishman (Chinese name: Yu Dewei; Researchers in
China’s energy field and energy supervision have received good results.

6 Conclusions

1) It is considered that the media literacy of nuclear power journalists should be con-
tinuously improved, journalism professionalism suitable for nuclear safety should be
established, the correct concept of event reporting should be cultivated, the emergency
reporting mechanism should be established and improved, and the shortcoming of “in-
dividual narrative” should be remedied. The follow-up influence of reporting should
be continuously paid attention to, and in-depth reporting should be carried out when
necessary. Learn from the more and more in-depth “people-oriented” characteristics of
accident reports in other industries. Nowadays, under the brand-new media ecological
mode of joint reporting by mainstream media and self-media. In addition to the incident
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itself, in-depth reporting and dealing with public opinion should also pay more atten-
tion to relevant people, such as involved operators, construction engineers, surrounding
residents, etc., which is easy to arouse people’s resonance and empathy. Contribute to
the popularization of nuclear safety culture outside the nuclear industry [8].

2) Since the outbreak of pneumonia in COVID-19 in 2019 [7], the press release work
as an important means of risk communication [8] has basically achieved normalization
and institutionalization, and has played a role in meeting public information needs, curb-
ing the widespread spread of rumors, appeasing social panic, ensuring social stability.
Operation, boosting public confidence in anti-epidemic and other multiple functions,
nuclear safety incident reporting and press release can also learn from this form, in the
process, we can gain insight into public psychology, respond to public concerns, and
enhance social communication.

3) It is also a continuous task to improve the effect of press release by strengthening
the professional level and public orientation of press release internally. Information
release should be more timely, standardized and consistent in caliber to achieve more
accurate information push; The release of different information should be classified.
Classification should answer questions according to the public’s questions in public
opinion, and use vivid ways such as diagrams, tables or dynamic evolution diagrams to
popularize basic nuclear power knowledge, so that the public can understand the specific
situation of events, eliminate unknown panic and relieve anxiety and panic.

4) In Taishan case, the incident report was issued by the official media, the clarifi-
cation article was issued by different mainstream media, and the final overall incident
review report was issued by WeChat official account in the nuclear industry. Different
types of media have different audiences. Although the time response is timely, there is no
continuity, and the general public cannot get in touch with the complete public opinion
process of events. It is suggested to cultivate mainstream media neighborhoods and new
media with a wide audience that can track, timely and continuously report the “nuclear
safety” events. Nuclear power has developed rapidly in recent years, and international
and domestic public opinion is unknown and changeable, which is also an inevitable
choice to do a good job in public communication of nuclear power under the existing
media ecology.

As early as more than 2,000 years ago, Shi Bo of Zhou Taishi put forward the
famous proposition of “harmony with real creatures, but not continuity with the same”
and “Guoyu Zheng Yu”, which pointed out the systematic harmony, difference and
diversity. At present, China has the largest scale of nuclear power under construction in
the world, and its completed nuclear power operation performance is almost excellent.
In the domestic and international media ecosystem, we should take seeking truth from
facts as the basis, use appropriate reporting and public communication methods, make
good use of news language and different narrative subjects to maintain our nuclear safety
culture atmosphere, and nuclear safety’s news in China is dominated by itself.
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Abstract. In order to evaluate the cost of each stage of the one through fuel cycle
(OTC), the uranium required for each stage of theOTC is calculated in detail based
on the equilibrium mass flow. According to the material flow analysis, front-end
cost and back-end cost of the nuclear fuel cycle under different discount rates
are analyzed according to the material flow. The results show that the front-end
cost increases with the discount rate, while the back-end cost decreases with the
discount rate, and the front-end cost is higher than the back-end cost. The three
stages of natural uranium, uranium enrichment and fuel manufacturing not only
account for a large proportion of the total cost, but also have a strong sensitivity.
Among them, the cost of uranium enrichment has the greatest impact on LCOE,
followed by the cost of natural uranium.

Keywords: Nuclear fuel cycle · Balanced material flow · LCOE · Economic
evaluation · Sensitivity analysis

1 Introduction

According to the latest statistics of the world nuclear association, about 11% of the
world’s electricity comes from about 450 nuclear power reactors. At present, more than
60 reactors are under construction, equivalent to 16% of the existing capacity. It is
estimated that China’s uranium demand will be about 18500tU in 2025, and about 130
reactors will operate to 24000tU in 2030 [1]. By the end of 2021, 53 commercial units
in mainland China have been used for an average of 3546.6 h, and the utilization rate of
units has reached 81.6% on average.

At present, there are three main types of nuclear fuel cycle strategies implemented
by countries around the world. The first type is one cycle, which is characterized by
the direct geological treatment of spent fuel unloaded from the reactor after cooling.
This cycle method is widely used because of its simple process and no risk of nuclear
proliferation; The second type is the recycling of uraniumandplutonium,which ismainly
represented by MOX fuel. This cycle method cools the UOX spent fuel discharged from
the thermal reactor and extracts uranium and plutonium, and then mixes Pu and UO2
to make MOX fuel. Compared with one cycle, the recovery of uranium and plutonium
improves the utilization rate of uranium resources; The third type is to introduce fast
reactor to realize the utilization of transuranium elements. This cycle truly realizes the
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effective utilization of uranium resources, but it is seldom implemented at present due
to the lack of commercial technology and complex process. In the foreseeable future,
China will mainly focus on primary recycling, uranium and plutonium recycling and the
utilization of transuranium elements through fast reactors.

The large-scale use of nuclear power has also brought another focus of attention,
that is, the economy of nuclear power. In the economic analysis of nuclear power, the
cost required by the fuel cycle is an important part. The cost analysis of each stage of
the fuel cycle can not only find the part that has a greater impact on the total cost, but
also control the cost of each stage according to the sensitivity to realize the economy of
nuclear power. To intuitively understand the cost of each stage of the nuclear fuel cycle,
this paper calculates the material flow of each stage in the typical PWR Fuel one-time
pass scheme, and calculates the relevant levelized cost according to the material flow.

2 Characteristics and Material Flow Analysis of Nuclear Fuel
Cycle

2.1 One Through Fuel Cycle Feature

Nuclear fuel cycle refers to the whole process from uranium ore mining, uranium con-
version and enrichment to fuel production and fuel recycling or geological disposal
after irradiation in the reactor. Generally, uranium ore mining and processing, uranium
conversion to UF6, UF6 enrichment and fuel element manufacturing are divided into
the front end of the cycle. The irradiation of fuel elements in the reactor is called the
irradiation stage, the spent fuel discharged from the reactor is temporarily cooled and
finally disposed of in geology or extracted from uranium and plutonium, which is called
the back end of the cycle [2].

The irradiated nuclear fuel in the reactor is usually called spent fuel. There are two
main ways to treat it after cooling: one is conventional geological treatment, and the
other is the separation and recycling of actinides [3]. In the first way, the radioactivity
of spent fuel will continue to exist for more than hundreds of thousands of years after
storage. Therefore, not only a special repository is required, but also it must be ensured
that the radioactive and/or toxic elements in spent fuel will not leak for such a long
time, causing harm to the surrounding environment and public safety. At the same time,
various problems faced by the public acceptance must be considered.

The nuclear fuel cycle is divided into different cycle types according to the treatment
methods of spent fuel. At present, many countries adopt the one through fuel cycle (OTC)
scheme, and its cycle flow is shown in Fig. 1. The OTC scheme has a simple and short
process, but the utilization rate of uranium resources is relatively low, and the amount
of waste for subsequent treatment is relatively large.

Another popular cycle scheme is to recover uranium and plutonium from spent fuel
and make it into MOX fuel. This cycle scheme is also known as the twice through
fuel cycle (TTC). In addition to conventional UOX fuel, the reactor can also be loaded
with MOX fuel. The preparation, application and post-treatment of MOX fuel is one
of the key technologies of the closed fuel cycle. The utilization of uranium resources
can be significantly improved by recycling uranium and plutonium in UOX spent fuel.
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Fig. 1. One through fuel cycle route

Research shows that using MOX fuel in thermal reactor can improve the utilization rate
by 20%–30%. If it is used in fast reactor, the utilization rate can be increased by 20
times.

The separation of uranium and plutonium in spent fuel is conducive to reducing the
radioactivity, volume of spent fuel and the time required for radioactivity to return to the
natural level, and minimizing the harm to the environment and human health caused by
long-term storage of radioactive substances. Compared with the TTC scheme, the OTC
scheme is not a true fuel cycle in the sense of geological disposal of spent fuel directly.

2.2 Equilibrium Material Flow Analysis

Material flow is the basis for calculating the levelized power generation cost. In this
paper, assuming that the nuclear fuel meets the mass conservation during the cycle, the
annual reactor loading M can be calculated according to the following formula [4]:

M = Pe × CF × 365

ε × Bd

where: M is the annual fuel quantity required by the nuclear power plant (tHM/a); Pe

is the electric power of reactor (GWe); CF is the capacity factor or load factor of the
reactor; ε is the thermal efficiency of the reactor (%); Bd is burnup depth (GWd/tHM).

By calculating the amount of fuel required by the nuclear power plant each year, the
mass of natural uranium required and the required separation work can be calculated
according to the following two formulas.

Mnat = F

R
= P
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1

R
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1
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where:Mnat is the annual natural uraniumdemandof the reactor (tHM/a);F is themass of
natural uranium in the enrichment feed (tHM/a); P is the quality of uranium enrichment
product (tHM/a); Xp is the concentration of U235 in enriched uranium products (%);
Xnat is the concentration of U235 in natural uranium (%); Xt is the concentration of U235
in depleted uranium tailings (%); R is the utilization rate of uranium at each stage (%);
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Fig. 2. Schematic diagram of material flow calculation

S is the separation work (SWU). The mass inflow and outflow diagram of each stage of
material flow calculation is shown in Fig. 2.

At present, the mainstream commercial reactor types in China not only consider the
Fukushima nuclear power accident, but also integrate the international advanced three
generation nuclear power idea. They shoulder an important mission both at home and
abroad. Therefore, this paper selects the design parameters of the mainstream nuclear
power reactor types at this stage for calculation, as shown in Table 1 below.

Table 1. Calculation Parameters

Parameter Value Parameter Value

Pe (GWe) 1.2 Xp (%) 4.45

Bd (GWd/tHM) 47.9 Xnat (%) 0.711

CF (%) 81.0 Xt (%) 0.25

ε (%) 38 R (%) 99.5

To calculate the cost of each phase of the fuel cycle, the mass of each part of the
cycle must be provided. According to the above introduction, the balance materials of
each cycle component can be calculated as shown in Table 2 below:

Table 2. Material flows of each part

Cycle part Mass (t/a)

Natural uranium 180.27

Uranium conversion (natural uranium) 180.27

SWU required for uranium enrichment 133.22

Reactor fuel quality 19.49

Spent fuel 19.49
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3 Calculation Results and Discussion

Price information is not only a necessary condition for levelized cost calculation in
each cycle stage, but also a judgment standard for accuracy in economic calculation
and analysis. However, because different countries have different policies and different
calculation methods, some costs, such as the price of natural uranium, will change with
the passage of time and the relationship between countries, so it is difficult to accurately
calculate the absolute value of each stage. The unit cost used in this paper is the average
value in recent years. At the same time, the upper limit and lower limit are taken as the
upper and lower limit according to the 20% fluctuation of the average value.

3.1 Levelized Cost Analysis

The total cost of a simple nuclear fuel cycle can be calculated by multiplying the fuel
required at each stage of the cycle by the unit cost. However, as the whole cycle of
nuclear fuel is long, reaching several decades, the time factor needs to be considered.
Levelized cost is a commonly used method for economic analysis of energy and power
industries. Considering the technical differences, the evaluation of different energy costs
is particularly appropriate. In this paper, the levelized cost of energy (LCOE) is used to
evaluate the economic benefits of each stage. The calculation method is as follows:

LCOE =

T∑
t=1

Fuel costt
(1+r)t

T∑
t=1

Generating capacityt
(1+r)t

where: T is the annual score, and r is the discount rate.
The concentration of natural uranium (0.711%) is far less than that of U in fuel

elements of nuclear power plants (4.45%), so it is necessary to enrich natural uranium
and convert it into UF6. The price of natural uranium is affected by the military strategy
and trade between countries and the global inventory, and often shows an irregular
change trend, so it is difficult to accurately quantify it. Therefore, this paper selects the
average price of UxC company in recent months of 57.3 USD/kg, the price of uranium
conversion is 9.5 USD/kg, and the unit price of uranium enrichment is 140 USD/SWU.
According to the OECD/NEA 2006 report, the production price of fuel elements is 285
USD/kg.

The cost of temporary storage and final geological disposal of spent fuel includes
overnight cost, operation and maintenance cost and decommissioning cost. These costs
are difficult to estimate, mainly due to the lack of reference information for commer-
cial operation. Cameron R [5] has calculated the cost of each part in detail and made
corresponding analysis. Therefore, this paper hasmade corresponding fitting for the tem-
porary storage and geological disposal of spent fuel according to the results of Cameron
R. finally, the unit price of spent fuel cooling and temporary storage is 200 USD/kg, and
the unit price of spent fuel transportation and geological disposal is 412 USD/kg. The
fitting results are basically consistent with the research results of MIT [6].
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Table 3. Nuclear fuel cycle interval

Cycle part Interval from reference year (a)

Natural uranium −4.5

Uranium conversion −3.5

Enriched and depleted uranium −2.5

Fuel manufacturing −1

Reference year, reactor loading 0

Spent fuel cooling and temporary
storage

9

Geological disposal 50

According to the above relevant parameter analysis and OTC cycle time interval
Table 3, the cost of each part of the nuclear fuel cycle can be calculated when the
discount rate is 0%, 2% and 4%, as shown in Table 4.

Table 4. Cost of nuclear fuel cycle corresponding to different discount rates

Cycle part Levelized fuel cost (USD/MWh), r = 0%/2%/4%

Lower limit value Normal value Upper limit value

Natural uranium 0.97/1.06/1.16 1.21/1.33/1.45 1.46/1.59/1.74

Uranium conversion 0.16/0.17/0.18 0.20/0.22/0.23 0.24/0.26/0.28

Uranium enrichment 1.75/1.84/1.93 2.19/2.30/2.42 2.63/2.76/2.90

Fuel manufacturing 0.52/0.53/0.54 0.65/0.67/0.68 0.78/0.80/0.81

Cooling and temporary storage 0.37/0.31/0.26 0.46/0.38/0.32 0.55/0.46/0.39

Geological disposal 0.75/0.28/0.11 0.94/0.35/0.13 1.13/0.42/0.16

Total 4.52/4.19/4.18 5.65/5.25/5.23 6.79/6.29/6.28

It can be seen from Table 4 that the selection of discount rate affects not only the total
levelized cost, but also the cost of each stage. For OTC fuel cycle of nuclear power plant,
the front levelized fuel cost increases with the increase of discount rate, and the back
levelized fuel cost decreases with the increase of discount rate. In addition, it can be seen
from Table 4 that the front-end levelized cost of the nuclear fuel cycle is greater than the
rear end levelized cost. Among the total costs, the purchase of natural uranium, uranium
enrichment and fuel production account for the largest proportion. When the discount
rate is 4%, the purchase of natural uranium accounts for 28%, uranium enrichment
accounts for 46% and fuel production accounts for 13%.

Figure 3 shows the cost accumulation diagramof the nuclear fuel cycle corresponding
to different discount rates. It can be clearly seen from Fig. 3 that with the increase of the
discount rate, the total cost of the nuclear fuel cycle gradually decreases. In particular,
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the cost required for geological disposal decreases significantly, and the cost required
for fuel production and uranium conversion does not change significantly.

Fig. 3. Cost accumulation map with different discount rates

3.2 Sensitivity Analysis

In order to further analyze the impact of each stage of the nuclear fuel cycle on the total
LCOE, this paper selects the impact of 20% of each unit price change on the total cost
when the discount rate is 2%, as shown in Fig. 4 below.

Fig. 4. Effect of 20% change in each price on LCOE

As can be seen from Fig. 4, the four factors that have a greater impact on LCOE
are the cost of enriched uranium, the cost of natural uranium, the cost of spent fuel
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disposal and the cost of fuel production. Among them, the cost of uranium enrichment
has the greatest impact on LCOE, followed by the cost of natural uranium, which shows
that the cost of uranium enrichment and natural uranium play an important role in the
nuclear fuel cycle. As the price of natural uranium is greatly affected by the strategies of
various countries, with the extensive use of nuclear energy in China’s energy layout, the
economy of nuclear power can be better guaranteed only when the supply of uranium
resources is stable.

In addition, 95% of the spent fuel is composed of uranium and plutonium, so these
elements can be separated and converted into MOX fuel for recycling. The separation
and transmutation of spent fuel can not only increase the service life of nuclear ele-
ments, but also greatly reduce the risk caused by long-term storage, reduce the impact
of radioactive elements on the environment and public health, and alleviate the supply
of natural uranium to a certain extent.

4 Conclusions

Based on thematerial flowand economic analysis, this papermakes a detailed calculation
on the cost of nuclear fuel passing through each stage at one time, and mainly draws the
following conclusions:

Although the OTC scheme of the nuclear fuel cycle is simple and easy to operate,
the utilization rate of uranium in the fuel is low. In terms of the cost of the cycle, the
front-end cost is greater than the back-end cost, and the front-end cost increases with the
increase of the discount rate, while the back-end cost decreases with the increase of the
discount rate. The sensitivity analysis further shows that the cost of uranium enrichment,
the cost of natural uranium and the manufacturing cost of fuel not only account for a
large proportion of the total cost, but also have strong sensitivity.

To further reduce the total cost of the nuclear fuel cycle, it is necessary not only to
reduce a large proportion of the cost of the cycle, but also to improve uranium enrichment
and fuel production technology through technological innovation. In the future, when
optimizing the fuel cycle, designers can improve the enrichment of fuel, increase fuel
consumption, and reduce the enrichment of tailings. For the cost control of fuel assembly
production process, it is necessary to focus on the cost of fuel assembly production and
natural uranium procurement. At the same time, it should also focus on the recycling of
spent fuel. The separation of uranium and plutonium at the back end of the nuclear fuel
cycle can not only control and minimize the harm to the environment and human health
caused by long-term storage of radioactive substances, it can also improve the sustain-
ability of nuclear energy. Finally, as the recovery of spent fuel involves the recovery of
plutonium, we should also pay attention to the impact of technical, environmental and
political factors on the nuclear fuel cycle strategy while considering the economy.
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Abstract. CPR1000 nuclear power plants have the risk of reactor trip during the
house load and turbine trip transients. Rapid power reduction system of AP1000
nuclear power plants and fast power setback system for VVER nuclear power
plants are designed respectively, which can avoid this problem and thus provide
more availability of units. It is necessary to introduce the Fast Power Reduction
system to CPR1000 units to get more economy and flexibility. Based on the core
control mode of CPR1000 units, the rod control assembly banks are regrouped
to realize the fast power reduction function. Besides, the impact of fast power
reduction system on the normal transients are evaluated. The results show that
more operational margin can be released, and also the capacity of turbine bypass
system can be reduced. Finally, more availability and economy can be obtained
for CPR1000 units.

Keywords: CPR1000 NPP · Fast Power Reduction · Bank Regroup · Economy ·
Flexibility

1 Introduction

In the power range from 15% FP to 100% FP, the CPR1000 nuclear power plant is
adaptable to the linear change rate of ±5% FP/min and to the step change of ±10% FP,
without resulting in reactor trip and/or the open of pressurizer safety relief valve (PSV)
and/or turbine bypass system. However, in case of large and fast load decrease, such as
turbine trip and house load from 100% FP, the capacity of turbine bypass system (GCT)
needs to be large enough to match the bypass steam flow. Generally the turbine bypass
system capacity is set as 85% of the nominal steam flow, so as to ensure the operation
of the reactor under such large and fast transients. However, as the core power decrease
lags behind the turbine load, there is still the risk of reactor trip during the house load and
turbine trip transients. Besides, loss of a reactor coolant pump (RCP) at full power will
cause a reactor trip actuated by low-low RCP speed signal, which is not in accordance to
the new UTILITY REQUIREMENT DOCUMENT (URD), requiring the unit to remain
operation in case of loss of a RCP.
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The Rapid Power Reduction (RPR) system in the AP1000 nuclear power plants is
designed to reduce the reactor power rapidly to the capability of turbine bypass dump
system in the turbine load rejection event [1]. There is no risk of reactor trip, or no
opening of safety valves of pressurizer and steam generators.

In the operation of VVER-1200 which permits one or two RCPs to be switched off,
the reactor control is equippedwith Fast power setback (FPS) system [2]. It automatically
reduces reactor power by insertionof automatic control banks andprohibits reactor power
rise by prohibiting withdrawal of the control protection system rods, so that it can avoid
the reactor trip and prevent violation of safety limits and conditions.

On one hand, the fast power reduction or setback system can improve the ability of
the unit to deal with large and fast load transients, and improve the availability of the unit
without triggering the emergency reactor trip. On the other hand, it can also reduce the
design capacity of GCT system (the capacity of AP1000 GCT system is 40% of nominal
steam flow), and thus save the unit cost. In order to improve the economy and flexibility
of unit operation, and also to meet the new URD to enhance the advanced nature of the
unit, it is necessary to introduce a fast power reduction system for CPR1000 units.

2 Function Introduction

Themain function of the fast power reduction system is to realize the fast power reduction
by releasing a pre-selected control rod groups, which will drop into the bottom of the
core in several seconds, during the rapid and large-scale load rejection of the turbine,
thus to avoid triggering the emergency reactor trip and the open of any safety valve.

In the process of releasing the pre-selected control rod groups in the fast power
reduction system, an interlock logic is set to prohibit the lifting of other power control
banks, which would lift in case of power reduction during normal operation. During the
rapid power reduction, the average temperature control system (ACT) is assumed in an
automatic state. At the same time, the RT signal of high (negative) change rate of neutron
flux is blocked, so as to avoid the unexpected reactor trip during the dropping process
of the pre-selected control rod groups.

After the power reduction process, the position structure of the Rod Cluster Control
Assembly (RCCA) is different from that after power reduction during normal core con-
trol, which is named as calibration curve. It is necessary to adjust the RCCA position to
the calibration curve to be ready for the return to full power operation afterwards. Thus,
after a delay, the power control banks are operated manually to move toward the target
rod position corresponding to the calibration curve, while the temperature control banks
(R banks) are in automatic mode to maintain the power near the target value.

The fast power reduction system is mainly used to prevent triggering reactor trip
during deviation from normal operation, and it is classified as non-safety function.

3 Rod-Drop Strategy

In order to realize the power reduction process in the fast power reduction function, the
existing control rod banks are re-grouped, and the new rod-drop groups are analyzed
and calculated.
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3.1 RCCA Re-group Mode

Themain consideration of control rod re-grouping used for fast power reduction function
is the value of control rod group and the flattening of core power. Thus the control rod
group releasing for the fast power reduction function is not an random combination of
control rods. In order to ensure the symmetry of power distribution and avoid unaccept-
able power peaks after the drop of the re-grouping control rods, the re-grouped control
rods used for fast power reduction function are symmetrically arranged in the core.

The control rods arranged in CPR1000 core are divided into control rod banks and
shutdown rod banks [3]. The shutdown rod banks are all black rods. The control rod
banks are divided into power control banks (G1, G2, N1, N2) and temperature control
banks (R), among which 12 bundles of control rods such as G1 and G2 are gray rods,
and the remaining 56 bundles of control rods are black rods.

As the value of shutdown rod banks is larger than power control banks, a smaller
power reduction interval can be obtained by releasing power control rod groups com-
paring with shutdown control rod groups, which is beneficial for power control. Fur-
thermore, the power control rods need to be adjusted to the rod position of calibration
curve with corresponding power (30% FP to 60% FP for example) after a delay of the
fast power reduction process, so it is easier to restore to the target rod position by using
power control rod banks.

The R control banks are not only used for regulating average temperature, but also
used for axial power distribution control. Besides the R banks position will change
during the plant normal operation, so R control banks are not considered for the fast
power reduction function.

The general principle for re-grouping is that two RCCAs symmetrically distributed
on the diagonals are classified as a new group. As the value of G1 banks is small, there is
no need to divide G1 banks. The original G2 banks are divided into four groups, which
are G2a, G2b, G2c and G2d respectively. The original N1 banks are divided into four
groups, of which two groups are in the outer ring named as N1a and N1b respectively,
and two groups in the inner ring named as N1c and N1d respectively. The original N2
banks does not need to be grouped. The re-grouping mode of power control banks is
shown in Fig. 1.

3.2 Rod-Drop Group Pre-selection

The value of control rods varies with the burnup and cycle. In the algorithm of fast
power reduction system, it is necessary to calculate the value of control rods at different
burnups, so as to select the control rod group to be released. Taking the equilibrium cycle
of a CPR1000 unit as an example, the control rod groups to be released for fast power
reduction system are analyzed. Both the beginning of cycle (BOL) and the end of life
(EOL) are calculated.

The calculation results of the power control rod groups to be released
for the fast power reduction function are summarized in Table 1. The
power control rod groups are assumed to be released in the order of
G1→G2a→G2b→G2c→G2d→N1a→N1b→N1c→N1d→N2. In BOL, the power
can be reduced to 47% FP when power control rod groups from G1 to G2c are released,



168 Y. Cheng et al.

R P N M L K J H G F E D C B A

1

2 N2 N2

3

4 N1a G2a G1 G2d N1b

5

6 N2 G2c N1c G2b N2

7

8 G1 N1d N1d G1

9

10 N2 G2b N1c G2c N2

11

12 N1b G2d G1 G2a N1a

13

14 N2 N2

15

Fig. 1. Re-group Mode of Power Control RCCAs

and 33% FP when G1 to G2d are released. As can be seen in Table 1, the nuclear
enthalpy rise hot channel factor (F�H) after the drop of some control rod groups exceeds
the limit slightly. However, as the fast power reduction is a short-term process, and the
peak linear power density and the maximum outlet temperature decrease monotonously
with the power reduction, the safety of the core will not be threatened. In EOL, when
power control rod groups G1 to G2d are released, the power decreases only to 60% FP,
which is due to the large feedback coefficient (in absolute value) in EOL. More positive
reactivity is introduced when the power is reduced, so more power control rod groups
are needed to be released comparing with that in BOL. When power control rod groups
G1 to N1a are released, the power can be reduced to 49% FP, and 36% FP when G1 to
N1b are released. The outer ring N1a and N1b control rod groups was selected instead
of the inner ring N1c and N1d because the power peak factor was lower when N1a and
N1b are released.

To sum up, it is recommended to select power control rod groups to perform the fast
power reduction function. Taking equilibrium cycle as an example, the pre-selected rod-
drop groups for fast power reduction areG1G2aG2bG2cwith target power at 50%FP and
G1G2aG2bG2cG2d with target power at 30% FP at BOL, and G1G2aG2bG2cG2dN1a
with target power at 50% FP and G1G2aG2bG2cG2dN1aN1b with target power at 30%
FP at EOL, respectively.
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Table 1. Main Parameters for the Selected Power Control Groups during Fast Power Reduction
Process

Note: * means the possible target power level for fast power reduction 
function.  

** means FΔH exceeds the limit. 

Burn-up
Selected

Groups

Power

% FP

Power Variation

% FP
FΔH/FΔHlimit

BOL

ARO

G1

G1G2a

G1 to G2b

G1 to G2c

G1 to G2d

G1 to N1a

G1 to N1b

100

77

71

59

47*

33*

18

4

23

6

12

12

14

15

14

0.976

0.949

0.987

1.034**

1.023**

1.052**

0.974

1.111**

EOL

ARO

G1

G1G2a

G1 to G2b

G1 to G2c

G1 to G2d

G1 to N1a

G1 to N1b

G1 to N1c

G1 to N1d

100

86

80

74

67

60

49*

36*

24

14

14

6

6

7

7

11

13

12

10

0.935

0.944

0.976

0.947

0.990

0.893

0.998

0.944

0.958

0.998

4 Nuclear Design Analysis

The effects of fast power reduction on nuclear design parameters are analyzed, including
xenon toxicity, radial power distribution, axial power distribution, and F�H. Two typical
burn-ups, BLX and EOL, are analyzed. The rod-drop groups are selected according to
the analysis in Sect. 3.

(1) The negative reactivity induced by xenon accumulation can be compensated by
boron concentration regulation or power control banks lifting. In BOL, due to the
high boron concentration, the boron concentration regulation is completely able
to compensate the negative reactivity induced by xenon accumulation. In EOL, as
the boron concentration is nearly zero, the power control banks are considered to
compensate the negative reactivity, which will produce a penalizing axial power
distribution. Furthermore, this will also impact the power lifting hereafter. In order
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to facilitate control and subsequent power lifting, it is suggested to limit the core
burnup for implementation of fast power reduction function.

(2) In the process of fast power reduction, the radial power distribution of the core
will be affected when the rods are dropped. Taking BLX of the equilibrium cycle
as an example, the radial power distribution during the implementation of fast
power reduction is analyzed, and the calculation results are shown in Fig. 2. The
radial power distribution is very uniform before the rods are dropped. The radial
power distributiondeteriorates after the pre-selected rodgroupsdrop.Themaximum
relative power is 1.158, and the minimum relative power is 0.860. When the power
control rods are fully lifted and restored to full power, the radial power distribution
is further improved, and the maximum relative power is 1.014 and the minimum
relative power is 0.989. The maximum deviation of radial power distribution is only
1.4%, which is basically uniform.

(a) before rod-drop (b) after rod-drop

(c) back to full power

Fig. 2. Radial Power Distribution Change

(3) The action of control rods will lead to the change of �I of the core. The point of
worse axial power distribution appears in the rod dropping process at EOL. It can
be seen in Table 2 that, if R banks are placed in the position out of core (ARO)
or in the middle of regulating belt (RMBM) before rod dropping, �I will exceed
the right boundary of operation diagram after rod dropping. If the R rod is placed
at 190 insertion steps in advance, �I can be controlled in the operation diagram,
but the implementation of rapid power reduction will be delayed. Therefore, it is
necessary to limit the burnup of rapid power reduction.
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Table 2. �I after Fast Power Reduction at EOL

R Position (insertion steps) Power
(%FP)

�I
(%)

�Ilimit
(%)

ARO 48 20.07 15

RMBM 47.5 18.08

190 48.5 9.75

(4) The action of control rods will also lead to the increase of F�H. Taking BOL as an
example, Fig. 3 shows that F�H is worse in the process of rod dropping, and the
value for some low power level exceeds the limit. So it is necessary to analyze and
perform the safety evaluation under the new F�H limit, which will be discussed in
Sect. 6.
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Fig. 3. F�H during Fast Power Reduction for BOL

Thus it is found that the impact of fast power reduction on nuclear designmainly
comes from rod-dropping process, and all parameters will be improved after the
power control rod banks are adjusted back to the corresponding position of the
calibration curve corresponding to the target power level.

5 Normal Transients Analysis

The fast power reduction function is mainly used for rapid and large-scale load decrease
transients. House load from 100% FP to auxiliary power supply is one of the typical
transients of this kind, which will trigger the fast power reduction function [4].

Taking BOL of equilibrium cycle as an example, the normal transient house load
from 100% FP is analyzed considering the fast power reduction function. The target
power level after fast power reduction function is considered as 30% FP and 50% FP
respectively.
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Fig. 4. House Load from 100% FP

Figure 4 shows the changes of key parameters in the transient process of house load
from 100% FP. It can be seen that after the introduction of the fast power reduction
function, the power balance time of the primary and secondary circuits is shortened
(Fig. 4a). The over-temperature �T margin means the difference between the real �T
and the over-temperature �T reactor trip channel setpoint. The results in Fig. 4b shows
that the over-temperature �T margin is significantly improved after the introduction
of the fast power reduction function, which means the operational margin is improved.
At the same time, the total capacity requirement of GCT can be reduced to 60% of the
nominal steam flow (Fig. 4c), which can improve the flexibility and economy of the unit.
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6 Safety Analysis

The function of fast power reduction system belongs to non-safety class, so its mitigation
effect on accidents is not considered in the analysis. However, during rod-drop process
of fast power reduction system, the F�H will exceed the limit under some low power
levels. Therefore a new F�H limit is established when the power is lower than full power
level (100% FP). The affected events or accidents are evaluated with the new F�H limit
[5].

For incidents of moderate frequency, which is defined as condition II events, the
events affected by the new F�H limit for low power levels include loss of off-site power,
partial loss of forced reactor coolant flow and rod drop. The affected infrequent inci-
dent (condition III event) is the total loss of forced coolant flow accident. The affected
postulated incident (condition IV event) is the RCP shaft seizure (locked rotor) accident.

For the rod drop event, the thermal power at the time of minimum DNBR in the
transient process is close to 100% FP, and the new envelope has little influence on the
results. The analysis results show that the minimum DNBR does not change in the
transient process with the new F�H limit.

Among other affected condition II events, the minimumDNBR appears in the loss of
off-site power supply event. For the loss of power supply, the minimum thermal power
at the time of minimum DNBR is 96.2% FP. If the new F�H limit is adopted, the DNBR
margin in the transient process will be reduced from 27.7% to 26.3%, which still meets
the safety criteria.

For total loss of forced coolant flow accident, if the new F�H envelope is adopted,
the minimum DNBR margin in transient process is reduced to 11.0%, which still meets
the limit requirements. For the RCP shaft seizure (locked rotor) accident, the new F�H
envelope has no effect on the result.

Table 3. Safety Evaluation with the New F�H limit

Events Minimum DNBR Margin

Original New F�H Limit

Rod Drop (II) 8.9% 8.9%

Loss of Offsite Power (II) 27.7% 26.3%

Total Loss of Forced Coolant Flow (III) 13.1% 11.0%

To sum up, with the new F�H limit (see Table 3), the DNBR margin decreases, but
the consequences of all the events still meet the safety criteria.
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7 Conclusion

The function of fast power reduction can be realized for CPR1000 unit by regrouping
the existing power control rod banks. At the same time, the effect of implementing fast
power reduction system is analyzed from the aspects of nuclear design, normal transient
operation, and safety analysis. The analysis results show that the fast power reduction
system can improve the unit ability to cope with large and fast load drop, and improve
the availability of the unit. Meantime it can also reduce the design capacity of GCT
system and save the cost of the unit.
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Abstract. After the lead-bismuth coolant flows through the core area of the lead-
bismuth fast reactor and is irradiated by neutrons, the radionuclide Polonium-210
will be produced. Polonium-210 has a half-life of 138 days and releases alpha
particles during decay. With certain volatility, Polonium-210 will pose a potential
threat to the environment. Therefore, Polonium-210 is one of the key contents of
radiation environmental impact assessment of lead-bismuth reactor. The calcula-
tion model of Polonium-210 is established according to the metabolic mechanism
ofPolonium-210 in the coolant.According to thePolonium-210 calculationmodel,
the generation, decay and migration laws of Polonium-210 in the whole life were
analyzed, and the influence of extraction rate on the saturation of Polonium-210
was calculated. The results show that, taking a 20MWth lead-bismuth reactor as
an example, in the case of no extraction, Polonium-210 reaches saturation in the
fifth year of reactor operation, with a saturation activity of 3.15E + 15Bq. With
an extraction efficiency of 90%, Polonium-210 will reach saturation on the 60th
day after the reactor starts operating, with a saturation activity of 3.83E + 10Bq.
The calculation results can provide a reference for the research on the distribution
of Polonium-210 in the coolant.

Keywords: Lead-Bismuth Fast Reactor · Coolant · Polonium-210 ·
Radioactivity · Activity

1 Introduction

Lead-bismuth fast reactor uses lead-bismuth alloy as coolant. Lead-bismuth coolant has
the following natural characteristics: high melting point, inactive chemical properties,
vacuolar reactivity is negative, etc. Lead-bismuth alloy is chemically inert with fuel, low
alloy steel, water and air. In addition, lead-bismuth has higher boiling point, Therefore,
compared with pressurized water reactor and sodium-cooled fast reactor, the safety
has the potential to improve, and it is expected to simplify the reactor structure and
improve the economic model. Based on the inherent safety of lead-bismuth alloys, the
Fourth Generation Nuclear Forum (GIF) lists the lead-based fast reactor as one of the
six advanced nuclear systems with the most potential for development.
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The biggest problem with the lead-bismuth alloy as a coolant is the activation of
Polonium-210, a volatile alpha emitter, during reactor operation. In the case of loss of
integrity of primary circuit boundary and leakage of coolant, Polonium-210 will quickly
adsorb on aerosols or dust in the external air, and then settle into soil and surface water
from the air, causing internal exposure to the human body through breathing, drinking, or
wound infection. Therefore, the yield of Polonium-210 is one of the important contents
of Lead-bismuth reactor nuclear power.

With regard toPolonium-210, in the occupational exposure regulations of theRussian
NRB-99, for professional personnel, annual inhalation activity less than 6.7E+3Bq/year,
and inter-process air activity concentration less than 2.7Bq/m3. For the public, the annual
inhalation activity is less than 2.5E+2Bq/year, and the activity concentration in the air is
less than 3.4E–2Bq/m3. Therefore, accurate calculation of Polonium-210 yield is very
important. Based on the mechanism of Polonium-210 generation, migration and decay
in lead-bismuth fast reactor, an equilibrium equation was established for Polonium-210
metabolism in coolant. The yield of Polonium-210 was calculated and analyzed, and the
effect of extraction efficiency on the saturation of Polonium-210 was analyzed.

2 The Production of Polonium

In the operation process of the lead-bismuth reactor, the lead-bismuth coolant is irradi-
ated by neutrons, and the nuclide Bismuth-209 first generates Bismuth-210, which then
decays into Polonium-210 by β. Polonium-210, is highly toxic, highly volatile, and has
a half-life of 138.4 days. It decays to form a stable nuclide Polonium-206 and releases
5.35 meV energy, while emitting low-intensity gamma rays.

It is found that Polonium-210 mainly exists in pure Polonium-210 and Lead polo-
nium, with the proportion of 0.2% and 99.8%.When lead-bismuth comes into contact
with air, it reacts with water vapor in the air to form radioactive aerosols and hydrides
of volatile Po. As a result, protective gas is usually placed on top of the reactor lead
bismuth coolant to insulate the lead bismuth coolant from the air. Argon is generally

Fig. 1. Release path of Polonium-210 in lead-bismuth fast reactor
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used as a protective gas. During operation of the reactor, Polonium-210, the activation
product of the coolant lead and bismuth, migrates to the protective gas. When the gas
tightness of the reactor cap occurs, Polonium-210 and the protective gas will leak out to
the outer space (Fig. 1).

3 Calculation

3.1 Model

The Polonium-210 in the lead-bismuth coolant, produced by the decay of Bismuth-
210 generated by Bismuth-209 activation, disappears in its own decay, extraction and
evaporation. Therefore, the equilibrium equations for Bismuth-210 and Polonium-210
in lead-bismuth are as follows:

dNBi

dt
= σ∅NBi − λBiNBi (1)

dNPo

dt
= λBiNBi − λPoNPo − εv

NPo

MPbBi
− � (2)

In the formula above, σ is the microscopic reaction cross section of Bismuth-209
(n, γ) Bismuth-210, f is neutron flux rate, NBi is the nucleon density of bismuth in
the coolant, λ is the decay constant of Polonium-210, NPo is the nuclear density of
Polonium-210, ε is the extraction efficiency, v is the mass flow rate of lead and bismuth
in the coolant, MPbBi is the total mass of lead and bismuth, G is the evaporation rate of
Polonium-210 from lead and bismuth into protective gas.

According to Formula 1, the radioactive activity of Bismuth-210 in lead-bismuth is
derived as:

ABi(t) = σ∅NBi
(
1 − e−λBi t

)
(3)

If it is not extracted during the process, then f is 0, Polonium-210 and its radioactivity
is:

APo(t) = σ∅NB1 + σ∅NBi

λPo(λPo − λBi)

(
λBie

−λPot − λPoe
−λBit

)
(4)

If extraction is set in the process, the radioactive activity of Polonium-210 is:

APo(t) = λPoσ∅NBi

λ′
Po

+ σ∅NBi

λ′
Po

(
λ′
Po − λBi

)
(
λBie

−λ′
Po t − λ′

Poe
−λBit

)

λ′
Po = λPo + εv

NPo

MPbBi
(5)

Because lead-bismuth is coveredwith protective gas argon, Polonium-210, the activa-
tion product of the coolant lead-bismuth,will evaporate into the covering gas during reac-
tor operation. According to the experimental results of the Russian Institute of Physics
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and Power Engineering (IPPE), the evaporation rate is only related to temperature. Then
the evaporation rate equation of Polonium-210 is:

lgωpbpo = −4793

T
+ 2.476 (6)

lgωpo = −2929

T
+ 2.664 (7)

3.2 Sample

According to the Polonium-210 calculation model, a 20 MWth lead-bismuth stack
is taken as an example to calculate the Polonium-210 source term, and analyze the
Polonium-210 production, diffusion to argon gas, and leakage to outer space. Table 1
lists the relevant parameters used in the calculation process.

Table 1. Parameters of lead-bismuth reactor

Parameter Numerical Unit

Power 20 MWth

Lifetime 30 years

Coolant Temperature Range 280–485 ºC

Cover Gas Leakage Rate 0.5% /day

Coolant Flow Rate 660 Kg/s

3.3 Results Analysis

Considering the distribution of lead and bismuth and in order to accurately calculate
the exposure of Polonium-210, the coolant location was divided into 15 zones inside
the main container. The MCNP program was used to calculate the maximum neutron
injection rate and microscopic reaction cross section of the zones respectively (Table 2).

By putting the data in the table into formula (3), it can be obtained that Bismuth-
210 reaches saturation after the 50th day of full power operation, and the saturation
activity is 3.15E+15Bq. If extraction is not set in lead-bismuth coolant, according to
formula (4), it can be deduced that Polonium-210 reaches saturation in the fifth year of
full power operation, with a saturation activity of 3.15E+15Bq and a specific activity of
4.81E+10Bq/kg. If extraction is set in lead-bismuth coolant and extraction efficiency is
assumed to be 90%, (λPo)´ = λPo + 4.26E−03 can be calculated according to formula
(5) to achieve saturation on the 60th day of full power operation with saturation activity
of 4.28E+10Bq, which is 5 orders of magnitude lower than that without extraction.
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Table 2. Neutron flux rate and microscopic reaction cross section of the detection point

Area Volumes Maximum neutron flux rate n/(cm2s) The reaction cross section barn

1 200368 2.84E+14 5.17766E−05

2 634229.5 1.63E+13 5.56735E−05

3 3891251 1.40E+13 5.61781E−05

4 2056206 1.50E+10 5.31242E−05

5 1468921 1.43E+12 6.01188E−05

6 577780.6 1.61E+12 6.16246E−05

7 547454.2 7.55E+06 4.52382E−05

8 16091693 2.77E+06 5.66097E−05

9 478702.7 9.91E+12 5.86544E−05

10 521491.8 2.87E+12 5.40462E−05

11 1997715 1.44E+11 5.10215E−05

12 1157979 6.25E+07 4.6703E−05

13 6765525 3.71E+11 5.15931E−05

14 876741.8 4.11E+11 5.34095E−05

15 6828060 6.01E+07 4.79719E−05

The evaporation rate of Polonium-210, the activated product of coolant lead and
bismuth, into the covering gas can be obtained by formulas (6) and (7). ωPBPO is about
3.21E−04 kg/(m2•s), ωPO is about 1.07E−01 kg/(m2•s). Considering evaporation area
and Po concentration, the evaporation activity of Polonium-210 in the pool is:

APbPo0 = ωPbPo/1000 × αPo × 0.998 × S (8)

APo = ωPo/1000 × αPo × 0.002 × S (9)

A = APbPo + APo (10)

Of these, 1000 are caused by the pressure of the protective gas. ω is the evaporation
rate, kg/(m2·s); a is the specific activity of Polonium-210 in lead-bismuth coolant, Bq/kg;
S is evaporation surface, m2;

If the leakage rate of the reactor top shield is calculated as 0.5%/day and the
external space is calculated as 200 m3, the leakage amount of Polonium-210 is about
5.45E+02 Bq/(m3·a) without extraction, Which cannot meet the limit requirements. In
the case of extraction, the leakage amount is about 7.45E−03 Bq/(m3·a), which meets
the limit requirements. The calculation results are shown in Table 3:
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Table 3. Comparison of results

Not extract Extract

Activity, Bq 1.09E+05 1.49E+00

Average activity, Bq/l 6.36E+01 8.66E−04

Leak amount, Bq/(m3·a) 5.45E+02 7.45E−03

4 Conclusion

In this paper, a calculation model is established for the metabolic mechanism of
Polonium-210, the coolant activation product of lead-bismuth fast reactor, and an exam-
ple is used to calculate the Bismuth-210 and Polonium-210 production, migration to
protective gas and leakage to outer space under the condition of extraction or not.

Through calculation, it is found that in the early stage of reactor operation, the activity
of Bismuth-210 increases gradually, and about 50 days later, the activity of Bismuth-
210 reaches saturation. If Polonium-210 is not extracted, after 5 years of operation,
the radioactive activity of Polonium-210 in lead-bismuth gradually reaches saturation,
the saturation activity is 3.15E+15Bq, and the amount of leakage into the air is about
5.45E+02Bq/(m3·a), which does not meet the limit requirements. If Polonium-210 is
extracted and the extraction rate is assumed to be 90%, the Polonium-210 in the coolant
can reach saturation after 60 days of operation of the reactor, and the total activity of
saturated radioactivity is 4.28E+10Bq. The activity of Polonium-210 was about 5 orders
of magnitude lower than that without extraction, and the amount leaked into the air was
about 7.45E−03Bq/(m3·a), less than the limit of 2.7Bq/(m3·a).

To sum up, setting Polonium-210 extraction device in the reactor can not only signif-
icantly reduce the radioactive activity of Polonium-210, but also the radioactive activity
of Polonium-210 can reach saturation faster, and only setting extraction can ensure that
the leakage rate of Polonium-210 does not exceed the limit. The analysis in this report
can provide reference for waste assessment, safety analysis and environmental impact
analysis of lead-bismuth reactor.
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Abstract. During the severe accident of the nuclear power plant, the resuspen-
sion of the aerosol particles deposited in the containment would occur, due to
some disturbance, resulting in the increase of radioactive aerosols released into
the environment. Therefore, aerosol resuspension should be considered for the
radiological consequence assessment. Accurate aerosol resuspension prediction
model is very important.

In this paper, three typical aerosol resuspension models considering force bal-
ance, namedWichner model, Michael model and ECARTmodel, are investigated.
Thesemodels follow the principle that resuspension occurs when the aerodynamic
disturbing force is greater than the hindering force and differ in the consideration
of the forces acting on particles. Wichner model proposes the aerodynamic dis-
turbing force includes lift force, while Michael model considers it composed of
lift and drag force, hindering effect of adhesive force is considered in the two
models. ECART model considers the hindering force includes gravity, cohesive
and adhesive force, the aerodynamic disturbing force is composed of drag, and
burst force. Considering the aerosol characteristics and thermal hydraulic con-
ditions during nuclear reactor severe accidents, the simulation for STORM and
ART experiments with the three models is carried out. Finally, via comparing and
analyzing the prediction results and experimental results, the applicability of these
models is evaluated.Wichnermodel could reflect the rapid change of resuspension
with the disturbing gas velocity and is in agreement with the experimental results
for different particle sizes under different disturbing gas velocities, which is rec-
ommended for predicting aerosol resuspension behavior during nuclear reactor
severe accidents.

Keywords: Aerosol Resuspension · Force Balance · Aerodynamic Disturbing
Force · Hindering Force

1 Introduction

The phenomenon of aerosol particle resuspension is the deposited particles on the sur-
face are resuspended under the action of disturbance [1]. Resuspension may occur in
many scenarios, such as pesticide resuspension from soil, biological particle resuspen-
sion, outdoor industrial product resuspension, indoor dust resuspension, etc. [1]. During
the severe accident of the nuclear power plant, the resuspension of the aerosol par-
ticles deposited in the containment would occur due to some disturbance, resulting

© The Author(s) 2023
C. Liu (Ed.): PBNC 2022, SPPHY 283, pp. 182–192, 2023.
https://doi.org/10.1007/978-981-99-1023-6_18

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-1023-6_18&domain=pdf
https://doi.org/10.1007/978-981-99-1023-6_18


Study on Resuspension Models Based on Force Balance 183

in the increase of radioactive aerosols released into the environment [2, 3]. Therefore,
aerosol resuspension should be considered for the radiological consequence assessment.
Accurate aerosol resuspension prediction model plays a vital role.

Since the beginning of last century, research about resuspension has been carried
out. University of Kansas and other organizations carried out resuspension experiments
on glass surfaces with relatively large particles [4], whose mean diameters ranged from
18 to 34 microns. In 1998, the Joint Research Centre of the European Commission con-
ducted STORM (Simplified Test Of Resuspension Mechanism) experiment, the SR11
condition of it is in accordance with the ISP-40 standard [5]. Then Reeks and Hall
[6] used alumina particles, graphite particles and polished stainless steel flat plate per-
formed resuspension experiment. Oak Ridge National Laboratory (ORNL) conducted
the ART (Aerosol Resuspension Tests) experiment with micron-sized particles and hor-
izontal tube [7]. From 2003 to 2007, the experiment of resuspension after hydrogen
deflagration was carried out in the THAI (Thermal-hydraulics, Hydrogen, Aerosol, and
Iodine) experimental facility, however, there is a discrepancy between the experimental
measured aerosol particle diameter distribution and the fast deposition velocity after
resuspension [8, 9]. Overall, most resuspension experiments could provide parameters
affecting aerosol resuspension such as particle size distribution and density, disturbing
airflow velocity and physical properties, and corresponding resuspension fraction, etc.,
but lack of refined measurement about the deposition surface and aerosol particle, which
may not be sufficient to support verification of complicated model [10]. Considering the
aerosol characteristics and thermal hydraulic conditions during nuclear reactor severe
accidents and data availability, the STORM experiment and the ART experiment are
screened out as validation experiments for model applicability analysis.

With the development of resuspension experimental research and the cognition of
resuspension mechanism, research on resuspension models has also been carried out.
Particle resuspension models are generally divided into two categories: models based on
force balance andmodels based on energy conservation [11].Resuspensionmodels based
on energy conservation include RRH [12], VZFG [13], and Rock’n’Roll [6] models,
which assumes that the particle vibrate and accumulate energy until it has enough energy
to overcome the adhesion from the surface, and resuspend. Resuspension models based
on force balance consider that resuspension occurs when the aerodynamic disturbing
force is greater than the hindering force [14], including Wichner [15], Michael [10],
ECART [16] models, etc., which differ in their consideration for the forces acting on the
particle.

With the effect of resuspension on radiological assessment is recognized, aerosol
resuspension models are gradually applied to the severe accident analysis codes and
particle tracking code, such as ASTEC code [17], ECART code [18], Melcor2.2 code
[15] and a 2D lagrangian particle tracking code–CAESAR code [19], all of which apply
the models based on the force balance theory.While the resuspension behavior is closely
related to the particle characteristics, deposited surface characteristics and disturbed
airflow characteristics. Therefore, it is essential to study and evaluate the applicability of
this type of aerosol particle resuspension model under severe accident in nuclear power
plant.
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In this paper, three typical aerosol resuspension models considering force balance,
namedWichnermodel,Michaelmodel andECARTmodel, are investigated. Considering
the aerosol characteristics and thermal hydraulic conditions during nuclear reactor severe
accidents, the simulation for STORM and ART experiments with the three models is
carried out. Finally, by comparing and analyzing the prediction results and experimental
results, the applicability of these models is evaluated. The research in this paper can
support the subsequent codes improvements.

2 Models for Resuspension

Michael and Wichner resuspension models believe that when the criterion of aerody-
namic disturbing force is greater than the hindering force is met, the particle will resus-
pend, regardless of time [10, 15]. ECARTmodel considers the particle resuspension rate
is an exponential function of the resultant force on particles [16].

Michael model proposes that aerodynamic disturbing force is composed of lift and
drag forces [10], both acting at the center of the particle. Only the hindering effect of
adhesive force on resuspension is considered. There are two contact points between
the particle and deposited surface, the distance between two contact points is ‘A’. The
adhesive force FA (N) between the deposited surface and particles is determined by the
ratio of the particle diameter dp (μm) to the surface roughness ε (μm).

FR = 1

2
FL + r

A
FD (1)

〈FL〉 ≈ 20.9ρν2
(
ru∗

ν

)2.31

(2)

〈FD〉 ≈ 32ρν2
(
ru∗

ν

)2

(3)

u∗ =
√

τw
/

ρ (4)

τw = 1

2
f ρU 2 (5)

FA = 5.0 × 10−10dp
/

ε (6)

where FR is the aerodynamic disturbing force (N), FL is lift force (N), FD is drag force
(N), and r is particle radius (m). The average lift force is related to gas kinematic viscosity
ν (m2/s), gas density ρ (kg/m3), friction velocity u∗ (m/s). Friction velocity equals to
square root of the ratio of turbulent shear stress to air density, which characterizes the
turbulent shear stress property and has a velocity dimension. τw is wall shear stress
(N/m2), f is the friction factor, and U is gas velocity (m/s).

Wichner model [15] suggests that the aerodynamic disturbing force acting on parti-
cles is related to gas density, aerosol particle radius, friction velocity and the aerodynamic
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disturbing force coefficient α. The assumption about hindering force is the same as in
the Michael model.

FR = απρ
(
ru∗)2 (7)

ECART force balance model considers [16] that hindering force mainly includes
gravity of aerosol particle FG (N), cohesive force FC (N) and adhesive force FA (N), the
aerodynamic disturbing force is composed of drag force FD (N) and burst force FB (N)
which are generated by disturbing air flow.

N (r) =
{
0.4037 · [F(r)]0.60030 < F(r) ≤ 3.065 · 10−4μN

90.28 · [F(r)]1.269F(r) ≥ 3.065 · 10−4μN
(8)

FG = 4πr3

3
ρpg (9)

FC = 2Hrγ (10)

FA = 0.2 · (Fgγ
3 + Fc) (11)

FD = τwπr2χ
2/3 (12)

FB = 4.21ρgχν2
(
2rρgu∗

ν

)2.31

(13)

where, N (r) refers to resuspension rate (1/s), F(r) refers to resultant force acts on the
particle (μN), ρp refers to density of aerosol particle (kg/m3), g refers to acceleration
of gravity (m2/s), H refers to empirical coefficient related to the number of deposition
layers, γ refers to collision shape factor, χ is the aerodynamic shape factor.

3 Evaluation for Resuspension Models Application

3.1 Verification Experiments

In the process of the resuspension experiments, the aerosol particles are deposited firstly,
then the airflow passing through the deposited area is supplied to resuspend the particles.
Considering the aerosol conditions, thermal hydraulic conditions during nuclear reactor
severe accidents and data availability, the STORM SR11 experiment [5] and the ART
05 experiment [7] are screened out as validation experiments. The particle diameters
of the experiments conform to log-normal distribution, and the particle diameter ranges
from a few tenths of a micron to a few microns, which is consistent with the size of
most aerosol particles in the containment under severe accidents. And the experimental
disturbing airflow velocity scope is broad, in the range of 11.9 m/s to 127 m/s. The key
aerosol and thermal hydraulic parameters are shown in Table 1 [5, 7, 20, 21], where
GMD is geometric mean diameter of aerosol particle and GSD refers to geometric mean
deviation.
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Table 1. Aerosol and thermal hydraulic conditions.

Experiment GMD (μm) GSD Airflow velocity (m/s) Reynolds number

STORM SR11 0.434 1.7 58.0–127.0 68000–150000

ART 05 1.68 3.3 11.9–59.6 5900–88000

3.2 Comparison with Experiments

In these force balance models, the parameters such as the gas velocity, density and
viscosity, particles size distribution can all be determined from the experimental mea-
surement. Apart from these factors, the distance between two contact points of particle
and deposited surface ‘A’ in Michael model, the coefficient of aerodynamic disturbing
force ‘α’ inWichner model, the empirical coefficient related to the number of deposition
layers ‘H’ will also affect the models’ prediction results. However, experimental mea-
surements do not provide the accurate values. Therefore, different values are adopted in
the simulations to conduct sensitivity analysis.

Table 2. The ratio of models’ prediction and STORM SR11 experimental resuspension fraction

Friction
velocity
(m/s)

Wichner model Michael model ECART model

α = 3 α = 5 α = 7 A = 1 A = 2 A = 4 H = 1E-6 H = 1E-5 H = 5E-5

2.9 0.00 0.00 0.25 3.53 0.17 0.00 3.61 2.86 0.12

3.6 0.00 0.79 3.62 4.48 1.69 0.09 7.54 6.69 1.65

4.3 0.00 1.06 2.20 1.97 1.03 0.39 2.99 2.77 1.14

4.9 0.22 1.09 1.73 1.40 0.87 0.45 2.02 1.93 1.11

5.4 0.39 1.07 1.44 1.15 0.80 0.49 1.57 1.53 1.14

6.1 0.52 1.02 1.21 1.00 0.76 0.53 1.22 1.19 0.91

Table 2 shows the comparison between theWichnermodel’s predictions andSTORM
SR11 experiment measurements [5]. The prediction results agree well with experimental
results when ‘α’ values 5. Comparing the model’s prediction results when ‘α’ takes
different values, the resuspension fraction is positive proportional to ‘α’. The greater the
disturbing force coefficient, the greater the aerodynamic disturbing force, particles are
more prone to resuspension.

Comparison between Michael force balance model’s predictions and measurements
for STORM SR11 experiment [5] is shown in Table 2. The prediction when ‘A’ takes
different values is conducted to analyze the effect. Themodel considers the aerodynamic
disturbing force equal to the sum of 0.5 times the lift force and r/A times the drag force,
the larger the A, the smaller the r/A, the smaller the aerodynamic disturbing force,
and the harder it is for the particles to resuspend. Overall, the prediction results satisfy
experimental results better when ‘A’ values 2.
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In ECART force balance model, the empirical coefficient about the number of depo-
sition layers (‘H’) is related to the experimental conditions. Meanwhile, the prediction
for STORM SR11 experiment [5] is taken when ‘H’ values 1E−6, 1E−5, 5E−5 to
analyze the effect. As shown in Table 2, under the same friction velocity, the aerosol
resuspension fraction predicted by the model decreases with the increase of ‘H’. The
prediction result fits well with the experimental measurement when ‘H’ takes 5E−5,
overall. The deviation is obvious only when the friction velocity is 5.4 m/s and 6.1 m/s,
which are 13.79% and 9.21%.

However, both Wichner, Michael and ECART model underestimate resuspension
under low velocity disturbing airflow when the models accurately predict the resuspen-
sion under higher velocity airflow. The force driving aerosol resuspension are related to
the physical properties of the disturbing airflow, the diameter of aerosol particles, and
the friction velocity.When the friction velocity is low, the force to drive the resuspension
calculated by these models is not enough to overcome the adhesive force. This may be
related to the heterogeneity of the deposited surface in experiments. The adhesive force
acting on the deposited particles is related to their state on the surface, and there exists
fraction particles subjected to smaller adhesive force that can be resuspended at lower
disturbing airflow velocities, as shown in Fig. 1. These three models adopt relationships
can characterize the adhesive force of most particles with key parameters such as parti-
cle size and surface roughness, and ignores the adhesive force difference caused by the
heterogeneity.

Fig. 1. Schematic diagram of particle deposition on the surface

These changes of the disturbing gas velocity and resuspension fraction with time
under STROM SR11 [5] condition demonstrates most particle resuspension will com-
plete in a very short time after the disturbing gas velocity changes in STORM SR11
experiment. Wichner and Michael force balance model are steady state model, its resus-
pension fraction predicted is independent of time and could reflect the rapid change of
resuspension with disturbing gas velocity. However, ECART model considers the influ-
ence of time, which needs to estimate the action time of the force and consider their
change with time. When obtaining resuspension fraction with ECART model, the rapid
increase in resuspension fraction when the disturbing gas velocity disturbing changes
suddenly could not be accurately predicted.

Figures 2, 3 and 4 shows the comparison between the measurements of ART 05
experiment [20, 21] and the prediction of Wichner, Michael and ECART force balance
model respectively. The disturbing airflow’s friction velocity of the ART 05 experiment
ranges from 0.7 m/s to 2.9 m/s. Michael and Wichner models could not capture the
resuspension of aerosols when the friction velocity is 0.7 m/s and could predict resus-
pension under higher velocity airflow, which is similar to the simulation of the STORM
experiment. ECART model obviously overestimates the resuspension of the ART 05
experiment when the friction velocity is over 0.7 m/s. It’s probably because the model
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considers that the force driving the aerosol resuspension includes the burst force, which
is greater than the force that hinders the aerosol resuspension under this condition. For
the simulation of the ART experiment, simulation deviation of Wichner model is min-
imal when ‘α’ values 5, while the Michael model fit the experiment best when ‘A’ is
4. The resuspension fraction predicted by ECART model shows a drop trend with the
increase of ‘H’ and this change is not obvious.
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3.3 Discussion

Above all, it comes to summarize the comparison between these typical force balance
models’ simulations and selected experiments. When the coefficients take appropriate
values,Wichner andMichaelmodel are in better agreementwith the experimental results.

Themain difference betweenWichner andMichaelmodels is assumption about force
acting on particle [10, 15].Wichnermodel considers particle only contacts the deposition
surface through a single point and determines whether the particles are resuspended by
comparing the aerodynamic disturbing force and adhesive force in the vertical direction,
as shown in Fig. 5. Michael model considers the particle is in contact with deposition
surface at two points, and takes into account the forces on the particles in vertical and
horizontal directions, as shown in Fig. 6.

Driving force FR

r

Adhesive force Fa

Fig. 5. Assumption about force acting on particle of Wichner model

Lift force FL

Drag force FD

Adhesive 
force Fa

r

A

Direction of 
disturbing airflow

Fig. 6. Assumption about force acting on particle of Michael model

From the force assumption of themodel,Michaelmodel actually determineswhether
the particle could resuspend by comparing the torques. The resuspension judgment
criteria of the Michael model is shown in Eq. (14), which can be expressed in the form
of Eq. (15),

FR = 1

2
FL + r

A
FD>FA (14)

FR · A = 1

2
AFL + rFD>FA · A (15)

where 0.5A, r, A are the torque arms of lift, drag, and adhesive force respectively. The
force assumption is valid only when the particle diameter is greater than ‘A’. However,
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according to the prediction results of Michael model, it fits well with the STORM
SR11 experiment when ‘A’ values 2 μm, while the GMD of aerosol particles in this
experiment is 0.434 μm, and diameter of most particles is less than 2 μm. Similarly, the
particles’ GMD in ART 05 experiment is 1.68μm, which is smaller than the value of ‘A’
(4 μm) when the fit is best. Overall, by comparing and analyzing the prediction results
and experiment measurements, and considering the valid condition of models, Wichner
force balancemodel is recommended for predicting aerosol resuspensionbehavior during
nuclear reactor severe accidents.

4 Conclusions

By comparing the experiment measurements with the predictions of the models, the
applicability of Wichner, Michael and ECART force balance model to predict the resus-
pension phenomenon is evaluated and sensitivity analysis about the aerodynamic dis-
turbing force coefficient, the distance between the two contact points of particle and
deposited surface and empirical coefficient related to the number of deposition layers
are conducted. The conclusions obtained in this paper are as follows.

When the aerodynamic disturbing force coefficient values 5, Wichner model agrees
with the STORM SR11 and ART 05 experimental results, the predicted resuspension
fraction is positive proportional to the coefficient. Michael model could predict STORM
SR11 and ART experiments well when the distance between the two contact points val-
ues 2μmand 4μmseparately, which is larger thanmost experimental particle diameters.
And the assumption about force acting on particle of Michael model is not valid in the
circumstance, the distance is negatively correlated with the predicted resuspension frac-
tion. ECART model could not accurately predicted the rapid increase in resuspension
fraction when the disturbing gas velocity disturbing changes suddenly of STORM SR11
experiment and overestimates the resuspension of the ART 05 experiment at friction
velocity greater than 0.7 m/s when different values of the empirical coefficient related
to the number of deposition layers are adopted. Wichner force balance model is rec-
ommended for predicting aerosol resuspension behavior during nuclear reactor severe
accidents.
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Abstract. Schedule management is one of the important contents of nuclear
power project management, which often leads to the lack of theoretical system due
to the lack of sufficient information support. BIM technology provides a new solu-
tion for nuclear power project schedule management, ensures the effective linkage
of all levels of schedule, reduces project delay and saves construction time. Com-
bined with the theoretical basis of BIM and the characteristics of nuclear power
project schedule management, this paper summarizes the application advantages
of BIM technology in nuclear power construction schedule management.

Keywords: BIM · 4D · Nuclear power construction · Schedule management

1 Introduction

In the traditional domestic nuclear power construction schedule management, the
progress work is carried out according to the hierarchical classification, and each project
will form its own six-level schedule plan. The preparation and control of the schedule
plan often depends on the professional level and engineering experience of the per-
sonnel. The construction progress is still managed based on two-dimensional drawing
information, which is not effectively combined with the actual materials, equipment,
manpower and other factors, it is difficult to track and analyze the progress, and it is
impossible to effectively find the potential conflicts in the schedule plan. There is a lack
of integrity in dealing with the deviation of the construction schedule, and it is difficult
to coordinate and manage the participants, so it is difficult to achieve the goal balance
of project duration, quality and cost.

The application ofBIM technology canbetter interact and share engineering informa-
tion, and reduce the communication obstacles and information loss caused by using two-
dimensional drawings as information transmission medium [1]. Secondly, after many
times of live process simulation, the connection of processes can be guaranteed to the
optimal plan, and the amount of manpower, materials and equipment required can be
accurately calculated to ensure the minimum error between experience estimation and
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actual operation, and to ensure the accuracy and schedule of the project. To ensure the
rationalization of resource allocation.

2 Nuclear Power Schedule Management Process Based on BIM
Technology

Theconstructionof domestic nuclear power general contractingprojects generally adopts
a six-level schedule system, which is decomposed and refined layer by layer from the
first level of the project to the six levels of schedule, and the next layer of the schedule
needs to undertake and respond to the target requirements of the upper level of the
schedule. The traditional nuclear power construction schedule management includes
the loading of enterprise resource information, schedule planning, progress monitoring
and early warning, etc. The nuclear power progress management process based on BIM
technology increases the requirements for themodel and how the schedule plan is loaded
on the model, as shown in the following Fig. 1.

Fig. 1. Construction management process based on BIM

In the traditional construction schedule management, the loading of enterprise
resource information needs to collect the data and basis for compiling the nuclear power
construction schedule, and ensure the accuracy and validity of the data [2]. According to
the collected resource information, the nuclear power construction activities are decom-
posed according to the WBS work task structure requirements, and the main objectives
and activity contents of each level of progress plan are listed respectively. Determine
each construction process and logical relationship according to the construction plan,
and formulate a preliminary construction schedule, as shown in the following Fig. 2:

The nuclear power schedule management process based on BIM technology
increases the requirements for the model and how the schedule plan is loaded on the
model, and the construction schedule simulation model is generated through the corre-
lation between the construction schedule plan and the construction drawing deepening
designmodel. The loading of resource information also includes the standards or require-
ments of the construction drawing deepening design model, as well as the schedule and
accuracy of each participant for the construction drawing deepening design model, and
so on.
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Fig. 2. Traditional construction schedule management process

The virtual construction simulation is carried out by using the construction schedule
simulationmodel to checkwhether each level of construction schedule is self-consistent,
whether it meets the schedule target, whether it meets the constraints, the balance of
quality and cost, and so on. If it is not met, it will be optimized and simulated repeatedly.
After the optimized schedule is approved and accepted by all participants, it can be used
to guide the construction of the project. This is shown in the following Fig. 3.

The construction schedule management based on BIM closely combines the project
schedule with the three-dimensional visualization model, simulates the scene of the
construction site in advance, corrects the problems existing in the construction process
in time, and through repeated construction process simulation, the schedule plan and
construction plan are the best, and the construction guidance obtained in this way is all
reflected in the construction schedule model, which is simple and intuitive, and is easy
for all participants to understand and implement.

Because the construction schedule management based on BIM is a virtual construc-
tion process, it is more convenient and economical than the traditional management
mode, but it still needs a relatively complete BIM model. The scope and schedule of the
model should be matched with the actual project. Different levels of schedule simulation
can use different precision models, but the models must be consistent, which need to be
considered in schedule planning.
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Fig. 3. BIM-based construction schedule management process

3 Preparation of Technical Schedule Based on BIM

In the six-level schedule system of domestic nuclear power project construction, the first
three levels of progress plan aremainly tomeet themilestone nodes and the interfaces and
main activities with design, procurement and commissioning at all stages of the project,
as well as the logical relationship and mutual constraints among various activities. The
four to six levels of progress plan is to further decompose the construction activities on
the basis of the first three levels of progress plan.

According to the plant, work package, elevation, region, system transfer and other
professional work steps and processes are detailed, but also in six months, three months,
two weeks as a cycle to develop rolling plans for tracking.

The target time limit of the subordinate progress plan shall be consistent with the
superior schedule plan, and when the superior schedule plan has been adjusted, the
subordinate schedule plan shall be adjusted accordingly.

The traditional construction schedule mainly includes work breakdown structure
(WBS), time limit estimation method and work compilation process.

TheWBS of the project is the basic work of the project planning, implementation and
control. In principle, the project schedule should be compiled according to the organiza-
tion of the project WBS. The complex construction process is combed and decomposed
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through WBS, so as to facilitate the organization and arrangement of various construc-
tion operations, so as to constantly adjust the schedule according to the implementation
of the project, and successfully achieve the project schedule management objectives.

With the introduction of BIM technology, the project WBS decomposition should
include the engineering entity work and non-entity work content in the construction
stage, and the BIMmodel is linked to the engineering entity, that is to say, when making
the construction schedule according to WBS, the model should be incorporated into it.

In order to associate the model with the plan, in addition to establishing the WBS
coding system of the project and the logical relationship with each WBS work package,
we also need to establish a schedule model that matches this WBS, as well as the data
classification of the model and the delivery standards of each phase.

To realize the schedule planning based on BIM, a perfect BIMmodel must be estab-
lished, and at the same time, the WBS work package of the project should be associated
with the BIM model components, and each work unit of the construction should corre-
spond to the model components. Work unit schedule information, including task name,
code, plan start time, plan completion time, project period and corresponding resource
arrangement, can be completed in planning software such as Microsoft Project, and then
work unit schedule information and model information are combined to be simulated in
construction simulation software, as shown in the following Fig. 4.

Fig. 4. Scheduling based on BIM technology

By associating theBIMmodelwith the planned task, users are allowed to simulate the
construction progress, construction process, construction scene and so on. The project
team can collaborate to explore methods, solutions, and optimize results after schedule
simulation. Through the visual simulation of the construction process, the construction
schedule is arranged reasonably.

4 Progress Tracking and Control Based on BIM Technology

The key of progress tracking based on BIM technology is to collect and process the
progress of the construction site in time, integrate the progress information, construction
situation and 3Dmodel, supervise and control the construction through 4Dmodel, update
dynamically and record the construction situation in real time [3]. The project should
establish a 4D model synchronized with the construction progress, and each model
component should belong to a construction work package, with work plan start time,
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planned completion time, actual start time, actual completion time, the amount of work
completed, the amount of resources, and so on. With the change of planning time and
completion time, the system can automatically readjust and calculate, revise the target
plan and update the corresponding resource data.

In the process of construction implementation, according to the actual project, the
actual start time and actual completion time of each construction process need to be
input in time in the 4D model, compared with the target plan, and analyzed whether the
constructionwork is ahead of schedule or lagging behind [4]. Then carry on the follow-up
schedule change adjustment to achieve the controllability of the schedule plan.

The general schedule management system will automatically check whether the
progress of the schedule is in line with the compilation basis, and if it is found that it does
not comply with its rules, it will enter the automatic correction and judgment procedure,
and prompt themanager to continue the implementation only after themanager hasmade
adjustments to the schedule. When the real-time progress of the automatic comparison
of the schedule management information system lags behind the planned schedule, the
system will actively prompt the manager whether to take rush measures according to
the degree of lag, and revise the schedule plan and count the key lines. Modify the time
limit and resource allocation plan, maintain continuous tracking and feedback on the
implementation of the progress, and achieve dynamic management of the schedule.

5 4D Display and Application

There are two ways to associate WBS and model objects as the maturity of the BIM
model advances. Under the current mode of low maturity of nuclear power BIM model,
P6 and other planning software are used to compile the planningWBS structure, analyze
the key duration and path, and then plan theWBS to be associated with the model object
for 4D simulation and analysis. The title and custom properties of the WBS contain
information that identifies theWBS, such as spatial location, such as the xx floor xx room
of the xx factory building, system information, such as the 3RCV1 system, and category
information, such as pipe bracket installation. The same information is contained in the
name and properties of the model object, and the WBS can be automatically associated

Fig. 5. 4D scheduling management platform
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to the corresponding model object by configuring association rules on the platform, as
shown in the following Fig. 5.

Construction schedule management using BIM technology is more and more used in
nuclear power construction. Taking the construction of a factory building as an example,
the schedule planning is more quantitative and intuitive after adopting BIM technology,
which can make managers understand the logic between construction processes more
clearly, so as to arrange resources reasonably, and canmake construction personnel aware
of their own work contents and improve work efficiency. It is predicted that the critical
path construction period can be reduced by 10% after adopting BIM technology. After
the maturity of the BIM model reaches certain conditions in the future, the WBS can be
created by dividing the model objects directly in the 4D planning software, so that the
WBS and the model objects are naturally associated, which will make the automation
of schedule scheduling more efficient and more efficient and convenient.

6 Conclusions

It can be seen from this paper that through the 4D dynamic Analog construction technol-
ogy combined with BIM platform, the whole project implementation process is modeled
by scientific methods, and the dynamic Analog analysis is carried out by combining the
project plan and comprehensively considering the dynamic relations among the factors
such as schedule, resources and site in the construction process, which can reflect the
dynamics and relevance of various factors in the construction process.

Schedule management based on BIM technology can also predict the possible prob-
lems in the process of nuclear power construction, check, compare and optimize the
construction schemes, and finally maximize the overall income of the project.
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Abstract. Nuclear energy has broad prospects for development driven by the goal
of achieving peak carbon emissions and carbon neutrality, but the independent
contribution of nuclear energy in low-carbon development has not obtained corre-
sponding economic benefits. Studying the so-called “economic dilemma” problem
of nuclear energy heating projects in the face of carbon trading market will reveal
the influencing factors of this problem, and provide a method and paradigm ref-
erence for nuclear energy heating projects, that is, through active participation
Carbon emissions trading to improve economics. This paper establishes a project-
based calculation method for carbon emission reductions of nuclear energy heat-
ing, and conducts a systematic additionality analysis by taking a nuclear heating
project in Shandong, China as an example. The method follows the principles of
the Clean Development Mechanism (CDM) and the Chinese Certified Emission
Reduction (CCER). The findings show that: (1) The carbon emission reduction
of nuclear energy extraction and heating projects in Shandong region of China is
about 274,100 tons/year, and its order of magnitude is highly suitable for carbon
market demand. (2) The levelized heating cost of the case is about 49.20 yuan/GJ.
Through the analysis of the change of coal price in the calculation parameters of
the alternative scheme, it is found that the economics of the nuclear energy heating
project is seriously affected by the “baseline” and the results of parameter selec-
tion. It is very easy to create the illusion that the levelized heating cost of the nuclear
extraction steam heating project is higher than the “uneconomical” illusion of the
alternative. (3) The empirical analysis results show that the nuclear energy heating
project has the additionality of obtaining carbon emission reduction benefits, but
when the economics of the nuclear energy project has no obvious disadvantage
compared with the alternative, its demonstration should focus on analyzing its
advanced technology, barriers to marketing. As the emission reductions of CCER
projects are consumed year by year in a stagnant state, nuclear energy heating
projects will have the opportunity to provide a stable supply of voluntary certified
emission reductions for China’s carbon market. Finally, based on this research,
some suggestions are put forward, such as building a data monitoring and statis-
tical system for carbon emission reduction of nuclear energy projects, and a pilot
project for the transformation of economic benefits of carbon emission reduction
in nuclear energy projects.
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1 Introduction

The real impact of global climate change will be more severe than predicted, which
means that the energy sector still needs major structural changes. The World Mete-
orological Organization (WMO) noted that the concentration of greenhouse gases in
the atmosphere has neither slowed down nor declined in its 16th WMO Greenhouse
Gas Bulletin. Countries must translate climate change commitments into action. The
Intergovernmental Panel on Climate Change (IPCC) also holds a similar view. In its
“Special Report on Global Warming of 1.5 °C”, it pointed out that the past greenhouse
gas reduction targets cannot effectively avoid the worst effects of climate change, which
means that addressing climate change requires stronger carbon mitigation constraints
and actions [1]. But pinning all hopes of tackling climate change on renewable energy
would be a risky path. Some scholars have raised warnings. For example, the large-scale
deployment of wind and solar power with intermittent characteristics on multiple time
scales will have an incalculable impact on the existing power system architecture, and
generate additional investment in power grid flexibility transformation or construction
of supporting energy storage facilities [2, 3]. Climate change will also cause changes in
climate variables such as wind and water vapor, resulting in increased uncertainty in the
power generation potential of renewable energy sources such as wind power and solar
energy [4].

In 2021, for the first time in many years, the Chinese government’s work report
changed its expression of nuclear power development, referring to the “active and orderly
development of nuclear power”. Although there has been a broad consensus on the
emission reduction potential of nuclear energy and efforts to promote the deployment of
nuclear energy development projects, the development of nuclear energy projects still
facesmany challenges. For the public, in addition to the safety factors that limit the large-
scale deployment of nuclear energy, the economics of nuclear energy projects is also one
of the core challenges. In addition to the inherent factors such as huge investment, high
project risk cost, and long payback period, we have found an interesting phenomenon,
that is, nuclear energy projects around the world have not been compensated for their
environmental benefits as effectively as wind power, solar energy or even gas heating
projects, but in fact carbon trading, clean fund concessional loans and other methods
should also be gradually introduced.

Since nuclear power plants do not produce carbon dioxide emissions, policies that
set explicit or shadow prices for carbon dioxide emissions can also affect their eco-
nomic attractiveness compared with fossil fuel alternatives [5]. The difference between
different energy forms puts nuclear energy projects at a disadvantage in energy market
competition. Incorporating the carbon emission reduction contribution of nuclear energy
projects into the carbon trading system can increase the source of income and improve
the economics of nuclear energy projects, which seems to be a simple and feasible way
to solve the “dilemma”. However, there is no accurate measurement method for carbon
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emission reduction during the operation period of nuclear energy projects. In China,
the methodology to support its further development into Chinese Certified Emission
Reduction (CCER) is also blank. The above situation is the real research gap.

In order to achieve the purpose of filling up the above research gap, this paper
constructs a set of calculation and analysis framework for nuclear energy carbon emission
reduction by sorting out the registered CCER development methodology in China. This
paper also refers to the “Project Additionality Demonstration Tool” in the standard
process of the Clean Development Mechanism (CDM) and CCER project development,
and conducts a comparative analysis of the carbon emission reduction of nuclear energy
heating projects in Shandong, China based on the alternative baseline scheme.

2 Literature Review

This study analyzes the literature in the fields of nuclear carbon emission reduction
contribution, carbon emission reduction calculation method, role of additionality and
demonstration method.

Nuclear energy is a clean energy source,which is generally considered to not generate
CO2 during the operation period and will play a huge role in global carbon reduction
efforts. This view has been widely accepted by the whole society.

Under a climate change regulatory regime that limits carbon dioxide emissions,
nuclear energy is economically more attractive than fossil fuels, and nuclear energy
is being favored by some environmental groups as a carbon-free energy source [5].
The recognition by governments and international organizations of the value of nuclear
energy and its contribution to decarbonizing the world’s energy system will encourage
policymakers to explicitly include nuclear energy in their long-term energy plans and
nationally determined contributions under the Paris Climate Agreement, the Interna-
tional Energy Agency (IEA) noted in its Global Nuclear Energy Development Report.
At the same time, the EU’s mid- and long-term energy strategy “Vision 2050 for an
integrated energy system” also clearly states that nuclear energy and renewable energy
will become the pillars of the EU’s power system [6, 7], and will achieve carbon bal-
ance in 2050. However, in discussions on the eligibility of nuclear power generation
for sustainable funding, the EU also stressed that the current recognition of nuclear
energy’s environmental and climate contribution still needs to be improved. In addi-
tion to qualitative analysis, quantitative analysis of some studies points out that nuclear
energy has certain comparative advantages among many clean energy sources, which
provides strong support for measuring the contribution of nuclear energy to carbon emis-
sion reduction. The research on the carbon emission coefficient of different energy forms
based on the life cycle method shows that the average carbon emission of nuclear power
LCA is 65 g CO2/kWh, which is higher than that of wind power and lower than that
of solar power [8]. More data support the nuclear power LCA carbon emission coeffi-
cient between 1.8–20.9gCO2/Kwh [8–10]. The greenhouse gas emission coefficient of
China’s nuclear power chain has been reduced from 13.71g CO2/Kwh in the mid-1990s
to 11.9gCO2/Kwh, which is significantly lower than coal and other fossil energy sources,
and most of them are concentrated in the nuclear power construction period [11–13].
Empirical studies in China, the United States, Japan and France show that the long-term



204 C. Lu et al.

carbon emission coefficient of nuclear energy is lower than that of renewable energy, but
current nuclear energy reduction effect in China is relatively limited compared to other
countries [14].

Accurate calculation of carbon emissions/emission reductions is the basis for emis-
sion reduction policy formulation, mechanism design, and market transactions. It is
particularly important to study and master calculation methods. The IPCC guidance
manual provides a common method for calculating carbon emissions by multiplying
activity level data by emission coefficients. This method is suitable for the compilation
of national greenhouse gas inventories [15], but for specific projects, the use of default
values usually leads to large deviations in the calculation results. Fine metering also
includes the CO2 emission data of power plants obtained by the European Environ-
ment Agency (EEA) by monitoring the waste emissions and emission density of thermal
power projects. This method requires the power plant to have complete flue gas monitor-
ing equipment, and the cost is relatively high [16]. Chinese scholars have also conducted
further research on project-based energy carbon emissions using mature methods. For
example, explore modeling based on combustion mechanism analysis and statistical law
to predict greenhouse gas emissions from coal-fired power plants [17]. This model is
based on the analysis of the influencing factors of CO2 emission factors, and the cal-
culation of comprehensive emission factors considering fuel combustion and process
factors [18] However, in order to meet the balance between the actual measurement cost
and the calculation accuracy, it is still practical to use the emission factor measurement
method [19].

In order to deal with the problem of global warming, IPCC has led the development
of calculation methods for emission reductions of CDM projects. The method develop-
ment must explain basic issues such as project scope, emission sources, and baselines.
Among them, the baseline directly determines the carbon reduction and environmental
benefits of CDM projects [20]. Before China suspended the methodological review and
project approval of the CCER project in 2017, as many as 200 corresponding CDM
methodologies had been translated and transformed. In fact, most of China’s current
carbon emission reduction calculation standards are also derived from the project devel-
opment methodology under the CDM mechanism. During the pilot period, the methods
and principles in the calculation regulations for carbon emissions/emission reductions
in each regional market are basically the same. They are all based on the emission factor
method, the material balance method and the actual measurement method. The main
difference is the selection of some default values [21].

Scholars at home and abroad have conducted in-depth research on the role of addi-
tionality, the method of demonstration and its effectiveness. Additionality determines
the supply and quality of offset credits in the carbon market [22], which is essential for
the environmental integrity of offset mechanisms and clean development mechanisms
[23]. The most common way to demonstrate additionality is through barrier analysis and
investment analysis. This means that if the project is not registered as a CDM activity,
there are obstacles to its realization and the proposed project is less financially attrac-
tive than at least one other credible alternative. Finally, consider whether the proposed
project type has been widely deployed in the relevant department or region through
practical analysis [24]. Most views hold that the emission reduction mechanism based
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on additionality is generally effective or at least in the progress of being perfected, and
can achieve greenhouse gas emission reduction [25, 26], but attention should be paid to
the problems in the development process [27]. The technical and economic evaluation
of wind power, hydropower and other projects that do not consider CDM benefits finds
that their internal rate of return is high and the possibility of additionality is low. Similar
results provide evidence for this view [28]. In addition to the shortcomings of the rules,
additionality descriptions and assessment tools also have problems such as overly com-
plex assessment procedures [29]. In the process of project methodology, additionality
is also an important issue to be discussed. The methodology development research in
China’s energy field has covered wind power, hydropower and other clean energy forms.

Through literature analysis, we found that the current research in the field of nuclear
carbon emission reduction focuses on the macro-level such as industry and industry,
which also verifies the realistic dilemma mentioned in the introduction of this study. In
addition, the results of literature analysis help us determine the calculation method of
carbon emission reduction of nuclear energy projects, and clarify the importance and
method of additionality demonstration of nuclear energy projects.

3 Methodology

This chapter usesCDMmethodology, EUcarbonEmission reductionTrading systemand
carbon emission reduction quantification methods in China’s voluntary emission reduc-
tion methodology to calculate carbon emission reduction. According to GB/T33760-
2017 “Based on General Requirements for Technical Specifications for Assessment
of Greenhouse Gas Emission Reductions of Projects” and GB/T32150-2015 “General
Rules for Accounting and Reporting of Greenhouse Gas Emissions of Industrial Enter-
prises”, this chapter studies the boundary range, emission source identification, baseline,
emission factor, and activity level data of the calculation method of carbon emission
reduction of nuclear energy projects.

3.1 Nuclear Energy Carbon Emission Reduction Calculation Method

The calculation method of carbon emission reduction of nuclear energy projects adheres
to the following basic principles: (1) Select appropriate GHG emission sources, data
and methods. (2) Include all greenhouse gas emissions adapted to the project needs. (3)
Adopt the same criteria, procedures and calculation period. (4) Minimize uncertainty
and deviation. (5) Release fully transparent information in accordance with national
policies and trade secrets ensuring that assumptions, values and methods used do not
overestimate emission reductions.

The evaluation procedure that should be adhered to for project-based carbon emission
reduction calculations is shown in the Fig. 1.

3.1.1 Determine the Type of Accounting Gas

The types of GHGs to be assessed should be determined according to project needs.
Combined with the current focus of carbon market trading, nuclear energy projects
should focus on calculating CO2, but should not ignore CH4, N2O, fluoride, etc. that
may exist in the production process of the project.
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Fig. 1. Project based carbon emission reduction assessment procedure

3.1.2 Determine Project Boundaries

The project boundary refers to the spatial extent covered by project activities and
emissions-related matters in the baseline scenario. It includes the considered emissions
from all sources of greenhouse gases that are within the control of project participants
and that are appreciable and reasonably attributable to the project. Since the scope of
production activities of a nuclear energy project is relatively clear, the boundary of a
nuclear energy project should include project-related equipment, facilities (systems) or
organizations that are affected by the project. The emission source of the project points to
the physical unit or process that emits greenhouse gases into the atmosphere. The nuclear
energy project should identify the emission source separately according to Table 1, and
should not be omitted due to the actual calculation process.

3.1.3 Determine Baseline Scheme

Different types of projects should choose different baseline Schemes. For new projects,
the baseline Schemes should be based on the mainstream technologies adopted in the
industry or in the region or the technologies required by national policies. For recon-
struction and expansion projects, the baseline Schemes should be determined according
to the needs of target users, which can be compared with the technology before recon-
struction or with reference to new projects. The emission source of the baseline shall
be identified according to the method of GB/T 32150 or by referring to other related
methods. The argument for additionality is relative to the baseline of alternatives. Com-
mon central heating methods in northern China include: coal-fired thermal power plants,
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Table 1. Potential carbon emission sources of nuclear energy projects

Accounting entries Type of
greenhouse gas
source

Emission source Gas species Note

Fuel combustion
emissions

Fixed source All kinds of boilers
and gas turbines

CO2 Daily

Mobile source Transport vehicles CO2 Daily

Process emissions The production
process

Main process
system

- The designers
believe there are
no greenhouse gas
emissions

Waste treatment
and disposal
process

Waste gas and
waste water
treatment system

- The designers
believe there are
no greenhouse gas
emissions

The dissipation
process

Voltage converter SF6 Studies show that
there may be gas
leakage in the high
voltage
transformer, about
15%

Emissions from
outsourced
electricity and heat

Consumption
sources of power,
heat and steam
input from outside
the main body of
the project

All kinds of motor,
pump, fan, voltage
converter, lighting
equipment

CO2
SF6

-

coal-fired boiler rooms, gas-fired thermal power plants, gas-fired boiler rooms, gas-fired
distributed cooling, heating and power supply stations and other heating sources [30].

3.1.4 Carbon Emission Reduction Calculation Method

According to the project, the emissions of each greenhouse gas in each greenhouse gas
source under the project and baseline scenarios in a certain period are calculated respec-
tively, and the project emissions and baseline emissions are obtained by summarizing.
The emission factor calculation method is adopted, and the general formula is shown in
(1)–(2):

ER = BE − PE − LE (1)

where: ER refers to project emission reduction, BE refers to baseline emissions, PE
refers to project emissions, and LE refers to emissions caused by gas leakage during
project operation. The units are all tons of carbon dioxide (tCO2).
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The baseline emissions, project emissions and leakage emissions can all be calculated
by multiplying activity level data and corresponding emission factors. As shown in
formula (2):

E = AD× EF × GWP (2)

where: E refers to baseline emissions, project emissions or leakage emissions. Units are
tons of carbon dioxide equivalent (tCO2e). AD refers to activity level data, determined
according to the emission source. EF is the emission factor matching the activity level
data.GWP is the greenhouse gas potential value, which should refer to the data provided
by the IPCC.

For nuclear energy heating projects, whether it is a small reactor heating mode
or an extraction heating mode relying on large-scale nuclear power, the loss of heat
transmission should be considered.

BE = HSBL × EFCO2/ηL (3)

HSBL = HSPJ − LOSSPJ + LOSSBL (4)

where: HSBL refers to the heat supply of the baseline scheme. HSPJ refers to the heat
supply of the project. LOSSBL refers to the heat loss of the heat transfer link of the
baseline scheme. LOSSPJ refers to the loss of the heat transfer link of the project Heat.
EFCO2 refers to the heating carbon dioxide emission factor of the baseline scheme. This
variable is obtained by converting the carbon dioxide emission factor per unit of standard
coal and the conversion coefficient of standard coal per unit of heat. ηL refers to the net
thermal efficiency of the coal-fired boiler.

For nuclear energy heating projects in the small reactor heating mode, since elec-
tricity is purchased from outside in the operation process, it is necessary to take into
account the carbon emissions caused by the additional electricity consumption of the
project. At the same time, it also adheres to the principle of conservatively estimating
emission reductions. In addition, the project considers carbon emissions from sporadic
fossil fuel use during the operating period.

PE = PEEC + PEFF (5)

PEEC = EC × EFPE (6)

Among them: PEEC refers to the carbon emissions caused by the project’s additional
electricity consumption. PEFF refers to the carbon emissions caused by the project’s
direct use of fossil fuels. EC is the annual extra power consumption of the project, and
EFPE is the average power emission factor of the power grid where the project is located.

3.2 Key Points of Nuclear Additionality Demonstration

3.2.1 Investment Analysis

After identifying the baseline scheme, the project applicant should screen out at least one
suitable alternative andmake an investment analysis. The so-called investment analysis is
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to prove that the proposed project, in the absence of CER income: (1) is not economically
or financially optimal; (2) is not economically or financially feasible. If the proposed
project, without CER revenue, emits less GHGs, but because the economic benefits are
not optimal, the investor will choose an alternative with higher emissions but higher
economic benefits.

Common methods include: (1) simple cost analysis, which is used for projects that
will not generate any income; (2) comparative investment analysis, which is used for
projects that will generate income, usually it is necessary to select a certain economic
indicator and the alternative selected in the first step. For nuclear energy projects, optional
indicators include internal rate of return, net present value, levelized kWh (heating) cost,
etc.; (3) Baseline analysis, which is also used for projects that generate income, but
requires Note that this baseline analysis is not related to the baseline in 3.1.3. It refers
to selecting a specific indicator to compare with a baseline. Optional indicators include
return on capital, long-term loan interest rates, and officially released investment decision
indicators. Etc., nuclear energy projects can choose the average yield of the power
industry as the baseline. Therefore, when conducting investment analysis of nuclear
energy projects, it is not necessary to strictly demonstrate its economic infeasibility, but
only to prove that it is not the optimal choice economically.

3.2.2 Barrier Analysis

This step can be skipped if it has been demonstrated in the investment analysis that
the proposed project is not “economically or financially optimal” or “economically or
financially infeasible”. However, if similar results cannot be obtained, a barrier analysis
methodmust be used to demonstrate that (1) the proposed project cannot be implemented
due to some barriers; and (2) the barriers do not affect at least one of the alternatives. In
other words, although the proposed project is economically optimal (or feasible), it is
not feasible for other reasons, and at least one alternative is not affected by those reasons.

The so-called “barriers” include (1) other investment barriers other than the eco-
nomic/financial barriers in the second step (e.g. the proposed project does not allow
any private capital entry by law); (2) technical barriers (e.g. the ability to operate and
maintain Technicians for this project cannot be found in the proposed project implemen-
tation area/adjacent areas, thus creating obstacles to the operation and management of
the project).

To sum up, if a nuclear energy project is economically feasible, it is difficult to
advance the project due to obvious obstacles such as public safety concerns, technical
verification of the first reactor, demonstration construction, and scientific research pur-
poses, and even there are laws that strictly restrict the entry of private capital into a
nuclear energy project. At the same time, in the case of encouraging investment in other
clean energy fields such as wind power and photovoltaics, it is a feasible option to focus
on the additionality argument on the analysis of obstacles.

3.2.3 Universal Analysis

Generality analysis is usually used as a supplementary verification after the preceding
arguments have been completed. Including: (1) Analysis of whether there are similar
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projects for the proposed project; (2) Analysis of the difference between similar projects
and the proposed project. To be considered similar, two projects need to meet the follow-
ing conditions: (1) are located in the same country or region and/or rely on similar science
and technology; (2) have a similar scale; (3) have a similar legal environment, Invest-
ment climate, available technologies, size of capital, etc. For nuclear energy projects,
its technical specificity determines that there are no other forms of energy similar to it.
Therefore, the universal analysis of nuclear energy projects will not be a hindrance to
project applications.

From the analysis of the additionality demonstration methods combined with the
characteristics of nuclear energy projects, it shows that the focus and path of addition-
ality demonstration of nuclear energy projects of different types, stages and application
scenarios are also different. The actual case finds the argumentation method that suits
its own demands.

4 Emprical Results and Analysis

4.1 Case Study Regions and Data Sources

Haiyang Nuclear Energy Pumping and Heating Project is located in Haiyang, Shandong
Province, relying on Haiyang Nuclear Power Unit No. 1. The main technical feature is
the intermediate stage extraction of conventional island steam turbines of nuclear power
units. Public information shows that after the project is put into operation, the heating
area of the second phase of the project is 4.5 million m2, and 100,000 t of raw coal can
be saved in each heating season, reducing the heat emission to the environment by 1.3
million GJ. The average heating index in this area is 45 W/m2.

The case project data are all taken from the approved project feasibility study report.
Through the project feasibility study report, environmental impact assessment report and
other documents, it is confirmed that the implementation of this project can contribute
to local sustainable development in terms of reducing greenhouse gas emissions and
reducing pollutant emissions.

The power system emission factor is taken from the baseline emission factor of
China’s regional power grid of the emission reduction project in 2019.

4.2 Carbon Emission Reduction Calculation Results

The type of greenhouse gas calculated by the project is CO2. The project boundary is
the nuclear energy extraction heating production boundary and all users connected to
the heating pipe network. The project has no fossil energy combustion emission sources,
and the electricity required for its production can be supplied by the Haiyang Nuclear
Power Station, and there is no externally purchased electricity emission source. The
waste treatment process is not considered as a process emission source due to lack of
monitoring data. Therefore, the project has no emission sources as a whole.

Baseline options (Table 2) are identified based on the heating services available in
the Shandong region where the project is located, capable of providing the same level
of heating as the proposed nuclear energy project activity.
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For the nuclear extraction heating project, the coal-fired boiler is the most convenient
way to realize central heating in combinationwith the resource endowment and economic
development level of the project location and Shandong region. Therefore, the alternative
scheme for the nuclear heating project is proposed as follows:

(1) Implement the project activities without the benefit of emission reduction;
(2) The project activities that provide the same heating capacity bymeans of centralized

heating with coal-fired boilers.

The annual assumed carbon emission reduction calculation results of the nuclear
heating project are shown in Table 3. From the calculation results, it can be seen that
the estimated value of annual carbon emission reduction is about 274100 tons of CO2.
Since many default values are used in the calculation, the accuracy of the results needs
to be further improved. In addition, compared with the publicly reported data of 180000
tons of emission reduction, the comparative analysis shows that the potential error factor
is the net thermal efficiency of fossil fuel boilers. The value calculated in this study is
conservative, and the publicly reported data may not consider the impact of this factor.

4.3 Carbon Emission Reduction Calculation Results

On the basis of identifying the baseline scheme, the economic attractiveness between
the nuclear heating project and the alternative scheme is compared with the investment
comparison analysis method given in the CDM project joint tool for baseline identifi-
cation and additionality demonstration (v05.0.0). The commonly used levelized heating
cost is selected as the financial index, which is derived from the “Projected Costs of
Generating Electricity, 2020 Edition”published by the International Energy Agency.

The formula for calculating the cost of standardized heating is as follows:

LCOH =
∑

t

It +Mt + Ft

(1+ r)t
/
∑

t

Ht

(1+ r)t
(7)

where: LCOH refers to the levelized heating cost (yuan/GJ). It is the investment amount
in the year t.Mt is the operating cost in the year t. Mt Ft is the fuel cost in the year t. Ht

is the total amount of heat supply in year t. r is the discount rate.
Table 4 shows the main calculation parameters and results of levelized heating cost

for nuclear extraction heating and coal-fired boiler heating. When the internal rate of
return is required to be 8%, the levelized heating cost of the proposed project is 49.20
yuan/gj, which is slightly higher than that of the alternative scheme, which is 47.86
yuan/gj. Only from the cost point of view, the project needs to expand revenue channels
to make up for the cost disadvantage. Therefore, since the construction of the project
has good demonstration benefits for nuclear heating and emission reduction, carbon
emission reduction benefits or subsidies can be obtained. This is consistent with the
statement in the project feasibility study report.

In terms of Barrier Analysis, nuclear heating technology is advanced and faces tech-
nical and investment risks, and has not been commercialized in China. At the same
time, the project complies with the requirements of current laws and regulations, and
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Table 2. Potential baseline alternatives for nuclear extraction heating

Potential Baseline Alternatives Analysis conclusion

1. Implement the project activities without the benefit of
emission reductions

Feasible

2. Access to the heating system connected to the main network The project feasibility study
report indicates that there is
no large-scale heating system
in the target area

3. Connect to local heating
network (in operation / newly
built) to provide heat

Coal fired boiler Feasible

Gas fired boiler The heating cost is much
higher than that of coal-fired
boilers, and the acceptance of
residents is poor

Oil fired boiler

Scattered small thermal power
plants

There is no thermal power
plant in the project area, and
relevant policies do not allow
the construction of scattered
small thermal power plants

Renewable energy The area has not been
popularized, the cost is high,
and the residents’ acceptance
is poor

4. Continue to use or build a
separate heating scheme

Single family coal fired boiler New bulk coal burning stoves
are being phased out in
northern China

Single family gas stove The cost is much higher than
that of coal-fired boilers, and
the residents’ acceptance is
poor

Single family oil stove

Electric energy There are coal-fired boilers
for central heating in the
project area, which do not
meet the conditions of “coal
to electricity”

Single household renewable
energy

The area has not been
popularized, the cost is high,
and the residents’ acceptance
is poor

is not an object of enforcement by existing laws and regulations. Nuclear energy heat-
ing projects are not included in any policies and regulations that are conducive to the
development of clean energy, such as subsidies, tax reductions, concessions, and quota
systems. Therefore, it can be considered that there are certain obstacles in the project.
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Table 3. Annual carbon emission reduction of nuclear energy extraction heating project

NO Paraphrase Value Unit Basis

1 Emission reduction (ER) 27.41 10k tCO2 2-3-4

2 Baseline Emissions (BE) 27.41 10k tCO2 2.1 × 2.2/2.3

2.1 Base line scheme heating
capacity (HSBL)

188.35 10k GJ/Year 2.1.1-2.1.2 + 2.1.3

2.1.1 Heat produced by nuclear
Heating Projects (HS)

188.35 10k GJ/Year According to public
information, the calculation of
heat load is obtained. Design
heat load index 44.04 W/m2,
heating season 110 days, an
area of 4.5 million m2

2.1.2 Heat loss from baseline scheme
(LOSSPJ)

0 10k GJ/Year Based on the calculation of
monitoring statistics, the heat
loss of distribution network
segment accounts for about
1.5% of the total heat
production for the convenience
of 0

2.1.3 Heat loss from baseline
schemes (LOSSBL)

0 10k GJ/Year Collated according to public
information

2.2 Carbon dioxide emission factor
of base line scheme heating
capacity (EFCO2)

0.0946 tCO2/GJ 2.2.1 × 44/12, The default
oxidation value is 1

2.2.1 Carbon content of fuel used for
base-line power generation
(EFcoal)

25.8 kgCO2/GJ IPCC2006 Standard coal is
classified as typical coal

2.3 Net thermal efficiency of fossil
fuel boilers (ηL)

65 % Default value, 2010 (in
operation) efficiency of
coal-fired industrial boilers,
China Medium and Long Term
Energy Conservation Plan,
November 25, 2004, National
Development and Reform
Commission

3 Project emissions (PE) 0 tCO2 Monitoring statistics, none yet

4 Leakage emission (LE) 0 tCO2 Monitoring statistics, none yet

For Universal Analysis, we refer to the CCER “Guidelines for Universal Analysis
(v3.1)” to identify geographic scope, scale, technology, fuel source and project attributes
one by one. The project is located within the geographical scope of Shandong Province,
with a thermal load scale of 31.5MW. It is a nuclear energy heating project that utilizes
gas extraction from the steam turbine of a nuclear power plant. After on-site investigation
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and online inquiry, there is no heating project with similar scale and the same technology
and fuel source within the geographical scope of the project. Therefore, this project is
not universally implemented in Shandong Province and is not universal.

Table 4. Investment analysis of nuclear heating projects and alternatives

Parameter Scheme 1 (Nuclear
heating projects)

Scheme 2 (Coal fired
boiler for central
heating)

Value description

It (10k Yuan) 3479.00 1260.00 The data of Scheme 1 is
taken from the project
feasibility study report.
The data of Scheme 2 is
calculated according to
the literature [31], and
the heating investment
per unit area is 18
yuan/m2

Mt (10k Yuan) 995.30 1168.49 The data of Scheme 1 are
obtained from the
feasibility study report of
the project, and the data
of Scheme 2 are
calculated according to
the literature [32]. The
annual operating cost is
1669.24
yuan/year/household,
and the average
household area is 100m2

Ft (10k Yuan) 0 925.00 The data of Scheme 1 are
taken from the feasibility
study report of the
project. There is no fossil
fuel consumption in the
thermal production of
nuclear heating.
According to the research
data, the coal price is 609
yuan/ton, which is the
integrated standard coal
price of the thermal
power plant in the
neighboring area from
January to April

(continued)
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Table 4. (continued)

Parameter Scheme 1 (Nuclear
heating projects)

Scheme 2 (Coal fired
boiler for central
heating)

Value description

Ht (10k Yuan) 26.9 26.9 Project feasibility study
report

r (%) 8 8 “Construction project
economic evaluation
method and Parameters
(third edition)” heating
industry standard

LCOH (Yuan/GJ) 49.20 47.86 -

5 Conclusions

The calculation framework of carbon emission reduction of nuclear energy projects
established by this research reveals that the accurate calculation of carbon emission
reductionof nuclear energyprojects is feasible from the calculation logic andmethod, and
there is no particularity in the design and parameter selection of calculation methods and
verificationmethods. At the same time, through the comparative analysis of the levelized
heating cost in the additionality demonstration, it is preliminarily verified that when the
coal price is about 650 yuan/t, the economics of the nuclear energy heating project
in Shandong is not significant, and the carbon emission reduction brought by nuclear
energy heating The so-called inadequacy of “economics” will be further improved.
In fact, the “economics” of nuclear energy heating projects is seriously affected by
the “baseline” and the results of parameter selection. In addition, this also provides a
method and paradigm reference for nuclear-armed countries around the world to explore
the economic improvement path of nuclear energy projects.

Through the analysis of the carbon emission reduction calculation method and the
results of the case study, the specific conclusions can be drawn as follows:

(1) The carbon emission reduction of the nuclear energy extraction and heating project
in the case study is about 274,100 t, which is in the order of magnitude as the
emission reduction of large-scale emission reduction projects in the market. From
the perspective of the project, themarket adaptation of the nuclear energy extraction
and heating project higher degree. However, the emission reduction of a single unit
of nuclear power projects generally reaches millions of tons of CO2, which is much
higher than that of nuclear energy heating projects.

(2) The carbon emission reduction of nuclear energy projects is affected by factors such
as regional energy consumption structure, application scenarios, and project scale.
Among these factors, the regional energy consumption structure determines the
value of the grid emission factor, which has a fundamental impact on the emission
reduction of the project. For example, the carbon emission factors of power grids in
North China andNortheast China are relatively large because of the high proportion
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of fossil energy in the power grid energy structure in these regions. This makes the
potential carbon emission reduction benefits of deploying nuclear energy projects
in the above regions even greater. This idea also provides another strong support
for the deployment of nuclear energy projects in northern and inland regions.

(3) In the case study, the levelized heating cost of the nuclear steam extraction heating
project is slightly higher than that of the alternative, which creates an illusion.When
we increase the coal price by 100 yuan/t, the LCOH of the alternative scheme
becomes 52.99 yuan/t. At this time, the nuclear energy extraction steam heating
project is more economical. Therefore, the carbon emission reduction calculation
and additionality demonstration of nuclear energy projects should carefully select
the baseline. This suggests that our nuclear energy projects will give full play to
their advantages in the energy situation with high coal prices. When there is no
obvious disadvantage in the economics of nuclear energy projects compared with
other alternatives, the demonstration of the additionality of nuclear energy projects
should focus on analyzing the obstacles such as technological advancement and
market promotion.

InChina, theCCERmechanism is currently in a stagnant state, but during the research
process, we found that the expectation of the restart of the CCER market is becoming
clearer. In the future, the development of project-based carbon emission reduction cal-
culation methods should show a trend of broader application fields and more accurate
parameters. In order to promote the incorporation of nuclear energy projects into the
carbon emission reduction market mechanism, it is also necessary to proceed from the
perspective of engineering practice. The first task is to fully learn frommature experience
and conduct research on project-based carbon emission reduction measurement meth-
ods. In fact, as the emission reductions of CCER projects are consumed year by year in a
stagnant state, and new energy projects such as wind power and photovoltaics gradually
achieve grid parity, nuclear energy heating projects will have the opportunity to provide
stable voluntary certified emission reductions for China’s carbon market supply.

Finally, the prospect of further research is proposed:

(1) In order to meet the data accuracy requirements of emission reduction project
development, nuclear energy projects should establish a perfect datamonitoring and
statistical system, and optimize the calculation parameters through field research.

(2) Promote the transformation of economic benefits of carbon emission reduction of
nuclear energy projects, and select projects with appropriate emission reduction
scale and high urgency for economic improvement to carry out pilot projects.

(3) In the face of a wider range of nuclear energy applications, it is necessary to
do reserve research on the calculation method of nuclear energy carbon emission
reduction based on the project caliber in more scenarios.
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Abstract. Zirconium alloys are extensively used in nuclear fuel element cladding
tube, guide tube and positioning spacer grid and other reactor core structural mate-
rials because of their excellent nuclear properties. The preparation of these profiles
includes ingot forging, β-phase heat treatment, hot and cold deformation process-
ing and other processes. Among them, The β-phase heat treatment process signif-
icantly affects the microstructure and processability of zirconium alloys forging
billets. OM, SEM and TEM were used to study the microstructure of Zr-0.85Sn-
1Nb-0.3Fe alloy forging ingot samples after β-phase heat treatment at (950–1150
°C)/(15 min–2 h), and water quenching. The results indicated that under differ-
ent heat treatment conditions, typical acicular shape martensitic microstructure
appears in Zr-Sn-Nb-Fe alloy after water quenching. The size of martensitic laths
increased with the extension of holding time, which showed that the length and
width of the small part of the acicular martensite away from the forging plane
both increased significantly; on this basis, the effects of β-phase heat treatment
temperature and holding time on the phase transformation behavior of the alloy
were analyzed.

Keywords: Nuclear reactor · Core structural material · Zr-Sn-Nb-Fe alloy ·
β-phase heat treatment · Microstructure

1 Introduction

Zirconium alloys, because of their low thermal neutron absorption cross-section, excel-
lent mechanical behavior under high temperature, and corrosion resistance, are exten-
sively used as fuel cladding, pressure tube, fuel assembly spacer grids, and other struc-
tural materials in nuclear reactors, which are also the only material used as fuel cladding
in PWRs at present. Compared with the Zr-Sn (Zr-2, Zr-4) and Zr-Nb (E110, M5)
alloys developed in the last century, Zr-Sn-Nb alloys have gradually become one of the
important directions in the research and development of new zirconium alloys under the
requirements of high fuel consumption and long life of fuel assemblies, such as ZIRLO
in the United States, E635 in Russia, M-MDA in Japan, HANA-4 in Korea and N36
in China, which have been proved to have better comprehensive properties inside and
outside the reactor than Zr-4 [1].
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During the preparation of zirconium alloy profiles for fuel assemblies, zirconium
alloy ingots obtained by vacuum arc melting are usually subjected to β-phase heat treat-
ment after forging, which will promote alloy element in zirconium alloy to a more
homogeneous state and re-dissolve the precipitated second phase into the β-phase, fol-
lowed by quenching. In the above process, the α-phase of the Close-packed hexagonal
(HCP) structure transforms into the β-phase of the Body-centered cubic (BCC) structure
with the increase of temperature, and the second phase particles from ingot gradually
dissolve completely in the β-phase region [2]. Themicrostructure and properties of zirco-
nium alloys will be affected by the different parameters of β-phase quenching treatment.
It has been shown that zirconium alloys under slow cooling rate have better corrosion
resistance, but different microstructure formation mechanisms of zirconium alloys with
various alloy elements have been reported. Massih et al. [2] attributes the improved
corrosion resistance of Zr-2 alloy to the presence of large-sized second phases with a
low density resulting from quenching with a slow cooling rate. While for Nb-containing
zirconium alloys, if the Nb content is between 1.0 and 5.0 wt%, the formation of β-
phase will reduce the supersaturated Nb content, and the β-Nb in the sample will retard
the transformation of oxide film from tetragonal Zr dioxide to a monoclinic Zr dioxide
subsequently, which will stabilize the oxide film structure, and result in slowing corro-
sion down [3–5]. From this, the microstructure of zirconium alloys can be controlled by
adjusting the heat treatment parameters in order to obtain better mechanical behavior
and corrosion properties.

During cooling and β → α transformation of zirconium alloys, with the increase
of cooling rate, performs with different microstructure patterns: lenticular α → parallel
plate α → basketweave α → martensitic α [6, 7]. It has been reported that the quenched
Zr-4 shows martensitic-α structure only when the cooling rate exceeds 1500 °C/s. But
in fact, the existence of O will reduce the critical cooling rate of the martensite trans-
formation and the existence of Nb will reduce the temperature of the β → α phase
transformation meanwhile. The microstructures of many Zr-Sn-Nb-Fe alloys subjected
to β-phase homogenization and water quenching showed martensitic-α [3, 8], where
both the increase in O content and the decrease in cooling rate will increase the width
of α [9].

It is obvious that a series of microstructural variations will take place with adjust-
ing quenching parameters, which will ultimately affect the mechanical and corrosion
properties of zirconium alloys. Especially for Nb-containing zirconium alloys, where
both the Nb content and the size and distribution of the second-phase particles will lead
to an increase or decrease in corrosion resistance, while these characteristics can be
controlled by heat treatment. Most of the current studies on quenching of zirconium
alloys have focused on the effect of cooling rate on β → α martensite transformation,
and fewer studies have been conducted for β-phase heat treatment temperature and time
in the quenching process. In this paper, domestic Zr-Sn-Nb-Fe alloy forging ingots pre-
pared on an industrial scale are selected, to analyze parameters’ influences on the phase
transformation behavior of zirconium alloys according to setting a series of β-phase heat
treatment temperature and time.
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2 Experimental

The nominal composition of the domestic Zr-Sn-Nb-Fe alloy selected in this paper is
given in Table 1. The alloy forging billet plate specimens were obtained from 3000 kg
grade ingots with the size of ϕ720 mm prepared by State Nuclear Baoti Zirconium
Industry Company by secondary forging to form ingot billets with thickness δ60 mm.
A tubular resistance furnace of model SK2-4-12 was taken to carry out the β-phase
heat treatment of the alloy forging billet plate specimens and the parameters of heat
treatment are shown in Table 2. Zirconium alloy was quickly transferred to water cooling
whose rate is about 1000 °C/s after heat treatment. The samples of rolling direction-
normal direction (RD-ND) were prepared after quenching. The Leica MeF3A optical
microscope, the FEI Nova Nano SEM 400 field emission scanning electron microscope,
and the FEI TECNAI G2 F20 Field emission transmission electron microscope were
used to observe and analyze samples’ microstructure characteristics.

Table 1. The nominal composition of Zr-Sn-Nb-Fe alloy (wt%).

Sn Nb Fe Zr

0.85 1.00 0.30 bal

Table 2. β-phase heat treatment parameters setting.

Trial No 1 2 3 4 5 6 7

Temperature (°C) 950 1050 1050 1050 1050 1150 1150

Times (h) 0.5 0.25 0.5 1 2 0.25 1

3 Results and Discussion

3.1 Microstructure Analysis

Figure 1 shows the microstructure of the Zr-Sn-Nb-Fe alloy after quenching under each
parameter, with the sampling position at the middle of the ingot away from the forging
plane. As can be seen from the figure, due to the fast water cooling rate, the alloy almost
all underwent β → α martensite transformation, in the set quenching parameters, there
appears irregular small acicular martensitic formation, acicular martensitic clusters in a
certain range of parallel row within the micro-zone, the shades of color in the polarized
photo represents the martensitic laths of different orientation distribution, the original β
grain boundary can be distinguished, where theMartensite nucleation takes place during
phase transformation. In addition, martensitic nucleation can also occur in the subgrain
boundaries and dislocations of the parent phase [10].
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The conclusion that the β-phase heat treatment temperature has little effect on the
morphology of martensitic after phase transformation at the same holding time can be
confirmed preliminarily. This is in agreement with the results given by Kim et al. [3].
That the β-phase heat treatment temperature doesn’t affect the corrosion resistance of
zirconium alloys. However, when the β-phase heat treatment temperature was constant,
the post-phase transformation microstructure showed some differences with the exten-
sion of the holding time. At the temperature of 1050 °C, the acicular martensite has a
tendency to increase in sizewith the extension of the holding time from0.25 h to 0.5 h and
even 1 h (Fig. 1b, c, d), but the discrepancy is not obvious, while when the holding time
is extended to 2 h, in addition to the acicular martensite, thick lens-like microstructure
distributed vertically to each other appear in the crystal whose length (Fig. 1e, Fig. 2a).
This discrepancy also shows regional variability, thick lenticular microstructure only
exists in the middle of the ingot away from the forging plane. While in the region near
the forging plane, Only a few plates with a similar orientation at the grain boundary of
the parent phase appear (Fig. 2b), which is the result of parallel plates’ nucleation in the
grain boundary and growth into the crystal. This kind of microstructure will show lower
ductility in mechanical properties.

Further observation of the SEM photographs of the zirconium alloy ingot in the
original forged state and after different quenching processes (Fig. 3) showed that the
original forged zirconium alloy plates were organized as coarse plate bundles with dif-
ferent dislocations and plate widths of about 4μm,with the skeleton structure formed by
the precipitation of second-phase particles at the boundary. After water quenching, the
alloying elements in the zirconium alloy were re-dissolved into the matrix under water
cooling conditions and underwent martensite transformation to different degrees, and
most of the areas formed acicular martensite with a dislocation difference of about 60°
between the laths and similar dimensions, representing the usual direction of martensite
growth during the β → α transformation, which is similar to the water quenched orga-
nization of the Zr-Sn-Nb-Fe alloy characterized by CHAI et al. [9]. There are also a few
coarser long plate-shaped martensites.

Under the heat treatment conditions set in this study, the change in heat treatment
temperature hardly affected the dimensions of acicular martensite and plate-shaped
martensite. Regarding the effect of holding time on the β → α phase transformation,
a comparison of SEM photographs of samples observed under 1050 °C/2 h heat treat-
ment conditions in Fig. 1e and Fig. 2a reveals that the coarse lenticular microstructure
exhibits closely spaced clusters of parallel laths, and although this microstructure has the
structural characteristics of basket-weave widmanstatten (Fig. 2a, c, Fig. 3f), this kind of
widmanstatten mostly appears in the case of zirconium alloys with the low cooling rate
after β-phase heat treatment, such as furnace cooling. Okvist et al. [11] suggested that the
basket-weave widmanstatten is formed by the quenching and cooling process in which
the β-phase provides a large number of nucleation sites for the α-phase (precipitated
second-phase particles, etc.), and the symmetry of the BCC structure β-Zr makes the α

plates grow simultaneously on multiple inertial surfaces and truncate each other, but the
second phase is mostly redissolved into the β-phase during the β-phase heat treatment,
and then the α plates grow from the grain boundary. In addition, the ZrC particles in
the Zr-C alloy can also induce the nucleation of α plates. At a lower cooling rate, the
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Fig. 1. RD-ND surface metallographic microstructure of Zr-Sn-Nb-Fe billet sheet specimens
under different quenching processes (a) 950 °C/0.5 h (b) 1050 °C/0.25 h (c) 1050 °C/0.5 h (d)
1050 °C/1 h (e) 1050 °C/2 h (f) 1150 °C/0.25 h (g) 1150 °C/1 h
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Fig. 2. Zr-Sn-Nb-Fe ingot billet sheet specimens RD-ND surface metallographic microstructure
after 1050 °C/2 h heat treatment (a) away from the forging plane (b) near the forging plane

second phase will form to provide nucleation points for the basket-weave widmanstatten
due to the diffusion of alloy elements. However, no second phase particle are found in
Fig. 2f, so the phase transformation is judged to be still carried out in a tangential mech-
anism, which proved the non-diffusivity of phase transformation and the existence of
martensitic microstructure. It can be seen that the width of martensitic laths will increase
significantly when the holding time is extended to a certain value under a certain tem-
perature, which is consistent with the phenomenon observed in M5 zirconium alloy
by Xu [12]. O.T. WOO et al. [6] found that an increase in oxygen content leads to an
increase in the width of lath as well under certain conditions of cooling rate. Because of
the condition of non-vacuum heat treatment in this experiment, the oxygen content will
increase with the extension of holding time, the starting temperature of martensite trans-
formation increase, which expands the β + α region, and the time for oxygen diffusion
from β grains to α grains increases, a series of changes mentioned above will enhance
the diffusion-controlled phase transformation mechanism to some extent, resulting in
the increase of martensite width.

In summary, the forged domestic Zr-Sn-Nb-Fe alloy under the β-phase heat treat-
ment and subsequently water quenching, its microstructure transformed from the coarse
β plates to some acicular and a few plate-shaped martensites, whose orientations have a
certain relationship with parent phase, the latter is more coarse and long. Under the set
quenching condition, the heat treatment temperature basically hardly affect the marten-
sitic characteristics, but under the heat treatment condition of 1050 °C,with the extension
of the holding time from0.25 h to 2 h, part of themartensitewidth increased significantly,
and a cluster laths appeared in parallel, a possible reason is that under the non-vacuum
heat treatment conditions, the oxygen content increases with the extension of the holding
time probably, more promote the growth of the nucleated laths rather than the nucleation
of new laths, and finally lead to martensite Widening.

3.2 Component and Structure Analysis

The bright-field images of the samples under transmission electron microscopy for the
four parameters 1, 2, 5, and 6 are shown in Fig. 4. A large number of martensitic
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Fig. 3. RD-ND surface SEM images of Zr-Sn-Nb-Fe billet sheet specimens under different
quenching processes (a) as forged (b) 950 °C/0.5 h (c) 1050 °C/0.25 h (d) 1050 °C/0.5 h (e)
1050 °C/1 h (f) 1050 °C/2 h (g) 1150 °C/0.25 h (h) 1150 °C/1 h



226 Y. Cui et al.

laths with different widths were found in the matrix of the zirconium alloy ingot plate
specimens under four different quenching conditions, most of them were around several
hundred nanometers, and there were obvious twinning and parallel dislocation lines
in the tissue, the existence of a large number of dislocations provided nucleation sites
for the transformation and promoted the formation of acicular martensite, the twinning
was related to the starting temperature of martensite transformation, and when this
temperature was reduced to a certain value, the twinning opens. The diffraction spots
were calibrated for the black stripes present at the boundaries of the martensitic laths.
It showed that most of them are β-Zr with BCC, which satisfies the burgers orientation
relationship with the α-Zr matrix, while the existence of other diffraction spots indicated
that the alloy contains a few ω-Zr with HCP. The α → ω phase transformation generally
occurs under high pressure. It has been reported that the above transformation can occur
in zirconium alloys with high Nb content or high pressure during quenching or aging
treatment [13, 14]. And as the enrichment area of oxygen, the ω-phase also proves
the hypothesis in Sect. 3.1 that the oxygen content in zirconium alloy increases under
1050 °C/2 h quenching condition. It indicates that even in zirconium alloys with low
Nb content and no high pressure, quenching with high cooling rate will also promote
the process of α → ω transformation and increase the thermal stability of ω-Zr phase.
No second-phase particle was detected in transmission electron microscopy, which also
proves that the phase transformation under the water-cooled quenching condition is of
the tangential type due to the high cooling rate.

The alloys were further scanned by surface scanning energy spectroscopy mode, as
shown in Fig. 5. The quantitative analysis of the alloy composition at the martensitic
laths boundary was shown in Table 3. Different degrees of Fe partial gather were found
at the martensitic lath boundaries for each condition, which had the highest value at
1050 °C/2 h quenching condition, this phenomenon is consistent with the highest Fe
content of more than 5 wt% at the same parameter in the quantitative elemental analysis.
In addition to Fe elements, the alloying elements Sn and Nb are diffusely distributed in
the alloy.

Usually, the second phase particles are re-dissolved into the zirconium alloy matrix
during the β-phase heat treatment stage to form a supersaturated solid solution, and
the shear martensite transformation process doesn’t have the diffusion phenomenon,
while the phenomena of Fe partial gather and its increase with the extension of the
holding timementioned above are inconsistentwith it. It proved that the actual quenching
process is accompanied by a weak diffusion phase transformation, which also explains
the existence of parallel-plate of widmanstatten in Fig. 2b. Thus, when the β-phase heat
treatment temperature is certain, the extension of the holding time enhances the diffusion-
controlled phase transformation mechanism, and this diffusion process transports the
solute elements in the alloy into the β-Zr that is not transformed timely between the
α martensitic laths due to cooling after high-temperature and makes the diffusion of
alloying element Fe to the α lath boundaries more significant. But the weak diffusion
process is not sufficient to transport Sn and Nb with larger atomic radius, which leads
to the discrepancy in the degree of segregation of the three alloying elements. The
segregation of the Fe element and the gradually increasing content of oxygen in the
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Fig. 4. RD-ND surface TEM images of Zr-Sn-Nb-Fe billet sheet specimens under different
quenching processes (a) (b) 950 °C/0.5 h (c) (d) 1050 °C/0.25 h (e) (f) 1050 °C/2 h (g) (h)
1150 °C/0.25 h
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processwill lead to an increase in themartensitic lathswidth,while the increase in theheat
treatment temperature had essentially no effect on the martensitic phase transformation.

Fig. 5. Signal spectra of Fe elements at the martensite boundary of Zr-Sn-Nb-Fe alloys under
different quenching processes (a) 950 °C/0.5 h (b) 1050 °C/0.25 h (c) 1050 °C/2 h (d)
1150 °C/0.25 h

Comprehensive analysis of the above TEM bright-field images, diffraction spots and
elemental signal spectra shows that the water-cooled quenched zirconium alloy under-
goes β → α incomplete martensitic phase transformation after β-phase heat treatment,
and both β-Zr and ω-Zr exist in the matrix of the transformed zirconium alloy, but the
content is small, which proves that there is some elemental diffusion at the same time
of the phase transformation process. As a result of diffusion, alloying elements such as
Fe, Sn, and Nb enter the martensitic slat boundary, where Fe elements undergo obvious
segregation at the boundary, and the degree of segregation increases in a certain range
with the extension of holding time, which is also one of the reasons for the increase of
martensitic laths width.
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Table 3. Content of alloying elements at the martensite boundary (wt%) 1–950 °C/0.5 h; 2–
1050 °C/0.25 h; 5–1050 °C/2 h; 6–1150 °C/0.25 h

No Zr Sn Nb Fe

1 92.03 3.67 0.7 3.60

2 93.05 1.09 1.74 4.12

5 90.40 1.93 2.40 5.27

6 91.28 2.44 2.03 4.25

4 Conclusions

The results of studying the microstructure of Zr-Sn-Nb-Fe alloy under different β-phase
heat treatment and following water quenching showed:

(1) Zr-Sn-Nb-Fe alloy in the forged state has a coarse plate microstructure, while the
microstructure of water-cooled quenching after β-phase heat treatment is mostly
acicular martensite and a few long plate-shaped martensite with a width of several
hundred nanometers; the β-phase heat treatment temperature has little effect on the
microstructure of alloy, but at a certain temperature, the extension of holding time
will increase the martensitic lath width, and this phenomenon only occurs far from
the forging plane of the ingot.

(2) Both BCC structure of β-Zr and HCP structure of ω-Zr exists in α-Zr matrix after
β → α phase transformation under Water-cooled quenching condition. At the time
all the alloy elements Fe, Sn, and Nb are solidly dissolved in the matrix, with Sn
and Nb diffusely distributed and Fe gathered at the martensitic boundaries. β-phase
heat treatment temperature has little effect on the composition and the structure,
but the degree of segregation at a certain temperature increases with the extension
of the holding time.

(3) The domestic Zr-Sn-Nb-Fe alloy undergoes shear-controlled martensitic phase
transformation during β-phase heat treatment and water-cooled quenching, but the
extension of the holding time will enhance the diffusion-controlled phase transfor-
mation by increasing the O content in the alloy, and the diffusion process transports
the alloy elements to the martensitic boundary and leads to the partial gathering of
Fe element with small atomic radius.
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Abstract. The SG thermal power imbalance between each loop exists in some
CPR1000 nuclear power plants. In this paper, the authors trying to figure out
the chief reasons of SG power imbalance between each loop by analyzing the
measurement data from the Nuclear Power Plants. The main thermal parameters
from the nuclear power plants are analyzed. By analyzing factors affecting the SG
thermal power, the main factors affecting the SG thermal power are loop flowrate
and hot leg temperature. The loop flowrate depends on the pump characteristic
curve and the loop resistance coefficient. The hot leg temperature depends on RPV
structure and core power distribution. A CPR1000 SG model was established
and the sensitivity analysis of the coefficients which affect SG heat transfer is
performed. The analysis results show that the deviation of the hot leg temperature
between loops has the most significant effect on the SG thermal power imbalance.
Hence, the SG thermal power imbalance between each loop mainly due to the
RPV structure, the core power distribution and the flowrate deviation.

Keywords: CPR1000 nuclear power plants · Power imbalance · RPV structure ·
Core power distribution · Asymmetric primary flowrate

1 Introduction

The alarm of ‘Loop 1 SG Thermal Power Greater than 102%FP’ was occurred in one
CPR1000 Nuclear Power Plant during operation. The total reactor power is less than
100% FP when the alarm occurs. The core flowrate and each loop flowrate are both
between the thermal design flow rate and the mechanical design flow rate, which means
the flowrate does not exceed the criteria. The power measurement results show that
there is a large deviation (almost 50MW) of SG thermal power between loops. Further
investigation found that the SG thermal power imbalance between each loop exists in
some CPR1000 nuclear power plants, especially when these power plants are operated
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in the transition cycles (from 12-month fuel management change to 18-month fuel man-
agement). This paper extracts a large number of measurement data from 13 CPR1000
nuclear power plants within total 27 cycles. The data mainly include SG thermal power,
feedwater temperature, feedwater flowrate, SG steam pressure, primary loop flowrate,
hot leg temperature, cold leg temperature etc. The trends of SG thermal power for two
typical SG thermal power imbalance cycles inCPR1000 nuclear power plants are showed
in Fig. 1 and Fig. 2.

The research in China mainly focuses on the flowrate imbalance between loops.
ZHAO De-yuan [1] has analyzed the flow measurement deviation of the primary loop
of Unit 2 in Ling’ao Nuclear Power plant, and provided the treatment measures. Wang
Chuang [2] concluded that the single loop flowrate deviation mostly is caused by the
measurement factors and nuclear power stations can carry out the fault analysis and
confirmed by test and measurement data during the unit overhaul. LI Hua-sheng [3]
concluded that loop flowrate deviation mostly is caused by resistance characteristics
and pump characteristics. Liu Jianquan [4] made an analog study on the influence of
loop flow deviation on enthalpy rise characteristics of the units. Some research on the
influence of pipe blockage on safety analysis in Steam generator also has been carried
out [5, 6].

This paper trying to figure out the main reason of SG power imbalance between
loops in CPR1000 Nuclear Power Plants by measuring data analysis and quantitative
calculation.

Fig. 1. Relationship between thermal power deviation and calendar days in typical cycle 1

2 Root Cause Analysis

According to the source of the deviation, the reason of SG thermal power imbalance
can be divided into measurement factors and actual deviation. The analysis flow chart is
shown in Fig. 3.
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Fig. 2. Relationship between thermal power deviation and calendar days in typical cycle 2

Fig. 3. The source of the SG thermal power imbalance

2.1 Measurement Factors

The measurement factors consist of the following two parts:

(1) Measurement uncertainty. Mainly refers to the uncertainty during the parameter
measurement process. The uncertainty of each SG thermal power measurement
is about 0.87% in CPR1000. So the maximum uncertainty of the thermal power
deviation between loops is about 1.23% (nearly 12 MW). If the SG thermal power
imbalance between each loop is less than 12 MW, the SG thermal power imbalance
is considered to be within the measurement uncertainty.

(2) Measurementmethod.Due to instrument limitations, the blowdownflowrate of each
SG can’t bemeasured separately in CPR1000. The calculation of SG thermal power
assumes that the three SG blowdown flowrate are equal. In fact, the blowdown
flowrate between three SG can’t be consistent. This may introduce some error.
However, the blowdown flowrate is only 1% of the feedwater flowrate. So the error
caused by the measurement method is very small.
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Taking into account that the CPR1000 units are using the samemeasurement system,
each unit shall be calibrated regularly according to the regulations, the measured SG
power is credible.

Hence, the power deviation is realistic. The root cause analysis are performed based
on the data from two typical cycles. Additional measured data in these two cycles are
provided in Fig. 4 and Fig. 5.

2.2 Actual Deviation

Power deviation can be classified into two parts: primary circuit deviation and secondary
circuit deviation.

2.2.1 Secondary Circuit Factors

The thermal power of the secondary circuit is calculated by the following formulas:

WSG = Qs · x · Hs + Qs · (1− x) · Hsat + Qb · Hsat − Qfw · Hfw

Qs + Qb = Qfw

where:
WSG: SG thermal power.
Qs: SG steam flowrate.
x: Steam quality.
Qb: blowdown flowrate.
Qfw: feedwater flowrate.
Hs: Steam enthalpy.
Hsat : blowdown enthalpy.
Hfw: feedwater enthalpy.

(1) Feedwater Temperature

The difference in feedwater temperature between loops is small. The deviation of the
feedwater temperature between each loop is generally within 0.1 °C. The main causes of
feed water temperature difference are heat dissipation, flow resistance and other factors.
The slight difference of feed water temperature has little effect on SG thermal power
imbalance.

(2) Steam Pressure

There is little difference in steam pressure between loops, because steam from each
loop will converge into the steam header. The deviation of the steam pressure between
each loop is generally within 0.01 MPa. Assuming that the steam pressure deviation is
0.05 MPa, the change of steam enthalpy is less than 0.025%. This deviation leads to the
imbalance of SG thermal power less than 0.23 MW. Therefore, the influence of steam
pressure deviation on thermal power imbalance between circuits can be ignored.
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Fig. 4. Main thermal parameters in typical cycle 1

Fig. 5. Main thermal parameters in typical cycle 2
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(3) Steam Quality

According to experience feedback, there is no obvious change in steam quality. If
the steam humidity deviation between each loop is 0.1%, the steam enthalpy difference
caused by steam humidity deviation is about 0.55%, and the influence on SG thermal
power imbalance is about 0.54 MW. Therefore, the influence of steam quality deviation
on thermal power imbalance between circuits can be ignored.

(4) Feedwater Flowrate (Steam Flowrate)

It can be seen from the variation trend of SG thermal power and feedwater flowrate
that the variation trend of these parameters is highly consistent. This is because there is
little difference in other parameters affecting thermal power among circuits. Therefore,
the SG thermal power is substantially linearly related to the feedwater flowrate (steam
flow rate). According to the characteristics of the Steam generator, the steam flowrate
depends on the heat transfer in the primary circuit. Feedwater flowrate control program
is applied to regulating flow rate to match with steam flowrate and keep SG water level
stable. Therefore, the feedwater flowrate (steamflow rate) is affected by SG heat transfer.
The influencing factors of SG heat transfer performance and primary circuit need further
analysis.

(5) SG heat Transfer Performance

At present, no direct data can prove the heat transfer capability between Steam
generators. Considering that CPR1000 nuclear power plant has not been in operation for
a long time, and there is no pipe blockage in SGs, the heat transfer capability of SG is
expected to be sufficient. Therefore, it is considered that the difference of heat transfer
capability of SG is not the main factor causing the thermal power imbalance between
loops.

(6) Summary

According to the previous analysis, the influence of feedwater temperature deviation,
steampressure deviation and steamquality deviation onSG thermal power imbalance can
be ignored. The deviation of feedwater flowrate is caused by SG heat transfer imbalance.
The heat transfer of SG is directly affected by the state parameters of the primary circuit,
so it is necessary to analyze the state parameters of the primary circuit.

2.2.2 Primary Circuit Factors

The thermal power of the primary circuit is calculated by the following formula:

WSG = Qloop · (Hh − Hc)+Wo

where:
WSG: SG thermal power.
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Qloop: loop flowrate.
Hh: hot leg enthalpy.
Hc: cold leg enthalpy.
Wo: Other heat sources except the core transfer to RCP.

(1) Loop Flowrate

The difference of loop flowrate will directly affect the SG heat transfer capability.
The results of loop flow measurement test (RCP64) show that there are differences in
loop flowrate. The flow rate of each loop is determined by the characteristics of the pump
and the resistance characteristics of the primary circuit. For the resistance characteristics
of the primary loop, the core and upper chamber in the Reactor pressure vessel are not
strictly symmetrical relative to three loops. Thus, the resistance characteristics of the
three loops are different. For the characteristics of the pump, the design is the same, but
it may be slightly different in manufacture and installation. In the base load operation
condition, the output of Primary pump remains basically unchanged. Therefore, the loop
flowrate contributes to the initial deviation of thermal power between loops, but it is not
the cause of the change of thermal power deviation between loops during operation.

(2) Primary Circuit Temperature

The measurement data shows that there are significant differences in the hot leg
temperature and the old leg temperature among different loops. The temperature devia-
tion of hot legs is about 0.8°C, and the maximum is more than 1.6 °C. The temperature
deviation of cold legs is within 0.5 °C, and the maximum is less than 0.8 °C. Because
the temperature deviation of cold leg is smaller than that of hot leg. The deviation of hot
leg temperature will lead to the deviation of average temperature between loops, which
will change the heat transfer of each SG and further lead to the deviation of SG thermal
power.

(3) Hot Leg Temperature

From the direction of coolant flow, the coolant is heated by the core and then flows to
SG for heat transfer.Hot leg temperature ismainly affected by core power distribution and
mixing capacity in the upper plenum. In the RPV structure design, the core and the upper
plenum are 1/4 symmetrical, and the loops are 1/3 symmetrical. The asymmetry of this
structure will cause the difference of core area corresponding to each loop. Meanwhile,
the time of the coolant flows through the upper plenum is very short, the mixing effect of
the upper plenum is limited. The coolant at the different assembly’s outlet will directly
flow to the loop which the assembly is closer to. This phenomenon makes it difficult for
coolant to mix in the upper plenum area, which leads to the difference of temperature
in the hot leg of each loop. Therefore, due to the asymmetry of core power distribution
corresponding to the three loops, the core outlet temperature corresponding to the three
loops is different. The coolant does not mix well in the upper plenum area, which leads to
the hot leg temperature deviation between the loops. During power operation, the change
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of core power distributionwill further lead to the changeof hot section temperature during
the cycle.

(4) Summary

The flow deviation of the three loops caused by RPV structure factors (resistance
characteristic difference between loops) and primary pump output will bring the initial
thermal power deviation of the unit, but the deviation generally remains stable during
operation. The core power distribution (asymmetry corresponding to the three loops)
and RPV structure factors (asymmetry between the loops and the core, uneven mixing
in the upper plenum area) lead to the hot leg temperature difference between the loops.
These are the main factors that affects thermal power imbalance in primary loop.

2.3 The Influence of Core Power Distribution on Hot Leg Temperature

In order to analyze the influence of core power distribution on hot leg temperature, a
core sub-channel model and an upper plenum CFD model are established to calculate
hot leg temperature. The analysis model is shown in Fig. 6.

Fig. 6. Schematic diagram of analysis model

2.3.1 Core Sub-channel Model

The core sub-channel model consists of 157 sub-channels. Each channel corresponds
to one Fuel assembly. The core power distribution and thermal parameters are used
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as inputs of the model. The flow rate and temperature of each Fuel assembly can be
calculated by changing the core power distribution under different Burn-ups. The results
are provided as interface parameters to the upper plenum CFD model to carry out the
hot leg temperature calculation.

2.3.2 The Upper Plenum CFD Model

A lot of research have been carried out on the upper plenum CFD model [7–9]. In
this paper, the structure of the upper plenum is modeled in detail with reference to the
relevant analysis experience. The STAR CCM+ code is used for the analysis. The area
of the CFD model is shown in Fig. 7, and the CFD meshing result is shown in Fig. 8.
The total grid of the whole CFD model is 28.48 million. The inlet boundary conditions
of the model are core outlet velocity and temperature, and the hot leg outlet boundary
condition is set to the pressure boundary.

Fig. 7. CFD model domain

Fig. 8. Mesh generation

2.3.3 The Hot Leg Temperature Analysis Result

Basedon the power distributionof two typical cycles, the hot leg temperature is calculated
by analysis model, the calculated results are shown in Fig. 9 and Fig. 10. It can be seen
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from the calculation results that the variation trend of hot leg temperature is in good
agreement with the actual variation trend. This further proves that the variation of hot
leg temperature during the cycle is caused by the variation of core power distribution.

Fig. 9. Hot leg temperature result of typical cycle 1

Fig. 10. Hot leg temperature result of typical cycle 2

3 Weight Sensitivity Analysis

The sensitivity analysis of the main factors affecting the thermal power imbalance
between loops is carried out in this chapter. These analyses try to find out the weight
of each influencing factor. Through the analysis, the main factors affecting SG ther-
mal power imbalance are: hot leg temperature and loop flow rate. The CPR1000 SG
model was established by CGN in house code LOCUST. Sensitivity analysis of hot leg
temperature and loop flowrate was carried out respectively.
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The influence of these parameter changes on SG thermal power is shown in Fig. 11.
It can be seen from the calculation results that the influence of each parameter on SG
thermal power is different. The influence of hot leg temperature on SG thermal power
is more significant.

Fig. 11. The corresponding relationship between parameters and SG thermal power

4 Conclusion

Based on the measured data and a core sub-channel coupled with CFD analysis model,
this paper analyzes the causes of thermal power deviation between loops, and deduces
that the main reasons affecting the power deviation between loops are the difference
of loop flow and hot leg temperature. Weight sensitivity analysis shows that hot leg
temperature deviation has more significant effect on thermal power deviation.

The flow deviation of the three loops are caused by RPV structure factors (resistance
characteristic difference between loops) and primary pump output, which will bring the
initial thermal power deviation of the unit, but the deviation generally remains stable
during operation. The core power distribution (asymmetry corresponding to the three
loops) and RPV structure factors (asymmetry between the loops and the core, uneven
mixing in the upper plenum area) lead to the hot leg temperature difference between
the loops. The main factor that causes the increase of thermal power deviation between
loops during operation is the change of core power distribution.
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Abstract. The reactor pressure vessel (RPV) is one of the most critical equip-
ment in the pressurized water reactor, and its structural integrity is the key factor
that determines the operational safety and service life of the reactor. In practical
applications, the aging degree of RPV can be evaluated through the ductile-brittle
transition temperature (DBTT) curve of the Charpy impact specimen pre-placed
in RPV. However, due to the space limitation inside the reactor core, the available
irradiation surveillance specimens are limited for mechanical testing. Especially,
most reactors have faced the problem of life extension in recent years, and the
impact data of the irradiation surveillance specimen is an important basis for the
life extension of the reactor. One of the solutions is to reconstitute new Charpy
specimens from the impacted ones to obtain more impact data. In this paper, the
basic methods for the reconstitution of RPV material Ni-Cr-Mo-V steel are stud-
ied. By testing the hardness change of the Charpy impact broken specimen along
the length direction, the maximum value of the plastic deformation zone of the
impact fracture is obtained. Besides, based on the Gurson-Tvergaard-Needleman
(GTN) model, the impact process of the material in the upper shelf temperature
region is calculated by ABAQUS numerical simulation. Compared with the tested
microhardness results of the material, the maximum length of the insert section of
Charpy impact specimen reconstitution is confirmed. It shows that for Ni-Cr-Mo-
V steel, the maximum length of the plastic deformation zone at the upper shelf
temperature region is about 7 mm, and the insert length of the reconstituted speci-
mens can be selected to 20 mm. The results can be used as an important reference
for establishing the fabrication standard of the reconstituted Charpy specimen of
the reactor pressure vessel.

Keywords: Pressure vessel steel · Charpy impact · Specimen reconstitution ·
Insert length · GTN model

1 Introduction

As the core component of a nuclear reactor, the nuclear reactor pressure vessel (RPV)
contains the active zone of the core, holds the primary circuit coolant, supports all com-
ponents of the reactor, and stabilizes the operating pressure in the reactor [1]. The RPV
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structural integrity affects the service life of nuclear power plants. Structural materials
subjecte to high energy neutron irradiation during the service life in a nuclear power
plant, resulting in irradiation aging and deterioration of the mechanical properties [2, 3].
The aging degree of structural materials affects the safety and economy of the reactor,
which can be evaluated through the ductile-brittle transition temperature (DBTT) curve
of the pre-placed irradiation surveillance specimen in the reactor [4–7].

In recent years, the early service nuclear power plants are facing the problem of
life extension. Considering the conservative design of nuclear power plants, the service
life is primarily based on the economic life of construction costs, rather than the aging
degree of the structural materials. Therefore, many nuclear power plants approaching
the end of the service life need to be evaluated for life-extending. Actually, due to the
space limitation inside the reactor cores, the available irradiation surveillance specimens
are limited for mechanical testing. The specimen reconstitution technique is considered
the most promising solution to the problem of insufficient samples. As shown in Fig. 1,
the Charpy specimen reconstitution technique [8–11] removes the plastic deformation
zone of the broken specimen and welds the materials with similar properties at both
ends of the retaining elastic zone. The reconstituted specimen is eventually processed
into the standard specimen. The reconstitution technique enables the reuse of irradiation
surveillance specimens to provide more material property data. With the development of
the specimen reconstitution technique, many countries have established relevant techni-
cal specifications to guide the reconstituted specimen, such as the enhanced irradiation
surveillance program in Belgium [12], the specimen reconstitution technique imple-
mentation standard ASTM E1253 in the United States [8], and the formulated technical
specifications of JEAC 4201-2007 for irradiation surveillance specimens in Japan [13],
etc.

Fig. 1. The specimen reconstitution technique.

The central insertion section of the reconstituted specimen should avoid the plastic
deformation zone to prevent affecting the results of the reconstituted specimen.Measure-
ment of Stress distribution and the plastic zone for the broken specimen is a necessary
step to determine the insertion size in the specimen reconstitution technique. In pre-
vious studies, the hardness test was often performed on impact fractures to determine
the plastic deformation zone. The place where the hardness test value increases sharply
is determined as the edge of the plastic zone. In recent years, finite element numerical
simulation has been widely used in the field of engineering science due to the high agree-
ment between the simulation results and the experimental results. The plastic zone can
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be determined by the simulation graph of the fracture model. Therefore, the hardness test
results and simulation results are usually combined to determine the plastic deformation
zone of the broken specimen. The reasonable insert length of the reconstituted specimen
was determined.

The Ni-Cr-Mo-V steel is studied in this paper. The different temperature impact tests
were selected to confirm the ductile-brittle transition temperature. The impact fracture
at different temperatures was obtained. And the maximum plastic deformation zone of
Ni-Cr-Mo-V steel through the hardness test was determined. In addition, the numerical
model of the upper shelf temperature region of Ni-Cr-Mo-V steel was established based
on the reverse finite element method. The simulation results were combined with the
microhardness test results to accurately determine the reasonable size of the insertion
section in the reconstituted specimen. The results provide a theoretical basis for estab-
lishing the insertion section sampling specification for the Charpy impact reconstitution
technique of the Ni-Cr-Mo-V steel.

2 Experimental Procedure and Materials

2.1 Experiment

The material used in the test is the Ni-Cr-Mo-V steel for RPV. The Charpy impact
test is carried out to obtain the DBTT curve of the Ni-Cr-Mo-V steel. And the impact
fracture in the different temperature regions was obtained. The absorbed energies are
recorded during the impact tests at different temperatures. The RPV steel taken from
the base material was processed into a standard Charpy impact specimen, referring to
the Russian GOST-9454-1978 standard. The size of the specimen is shown in Fig. 2.
The Charpy impact test machine spans 40 mm at both ends of the anvil. The radius of
the hammer tup is R = 2 mm. And the theoretical impact speed is 5.2 m/s. The test
temperature range is from −120 °C to 100 °C with a temperature control accuracy of ±
1 °C.

Fig. 2. The size of Charpy impact specimens.
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Vickers hardness is used in the experiment to obtain the hardness distribution in the
impact fracture because of its accurate and reliable measurement. The impact fractures
that are not broken should be cut from the V-notch as shown in Fig. 3. Before the test
started, the impact fracture was polished with sandpaper, 600#, 1000#, 1200# and 1500#
respectively. Then polish the specimen with 0.9μm polishing liquid in the microcre
polishing. Finally the polished specimens were washed with anhydrous ethanol. The
treated specimens were tested by the FALCON-500 automatic micro-Vickers hardness
tester. The hardness test was carried out at an interval of 2 mm at the same position from
the broken end. Based on the results, the hardness distribution graph was drawn. And
the average value of the distance from the same position of the broken end was obtained
to draw the hardness trend graph.

Fig. 3. The impact fracture.

2.2 Numerical Simulation

In the process of numerical simulation, an accurate and reasonable intrinsic constitutive
relationship is the premise for the success of a numerical simulation. Damage to metallic
materials is usually characterized by ductile damage, which is based on the nucleation,
growth, and aggregation of micro-voids within the material [14–16]. In this case, Gurson
[17] developed a set of damage constitutive equations based on introducing the void
volume fraction in the mesoscopic damage mechanics. The Gurson model establishes
the relationship between plastic deformation and the evolution of microcavities. Since
then Tvergaard [18, 19] and Needleman [19, 20] further modified the Gurson model to
obtain a more accurate Gurson-Tvergaard-Needleman model (GTN) [21–23].

The Charpy impact process was simulated using ABAQUS/Explicit based on the
reverse finite elementmethod. Themodel adopts theGTN intrinsic equationwith element
type C3D8R and local refinement of the mesh at the contact of the specimen. The
mechanical property parameters of the Ni-Cr-Mo-V steel required for the simulations
were obtained by tensile experiments. The tensile test was carried out on a ZWICK tester
using the videoXtens2-120 HP video extensometer. The tensile test refers to GB/T 229.
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3 Results and Discussion

3.1 Experiment

3.1.1 Charpy Impact Test

According to the Charpy impact results, the upper and lower shelf energy of the Ni-Cr-
Mo-V steel was determined according to the experimental temperature and the absorbed
energy. And the ductile-brittle transition temperature curves for Ni-Cr-Mo-V steel were
obtained through the hyperbolic tangent function (1):

U = Ep +El

2
+ Ep −El

2
tanh

T − D

C
(1)

where: Ep – the upper shelf energy, J;
El – the lower shelf energy, J;
T – Temperature, °C;
C, D – the fitted value.
According to Eq. (1), the ductile-brittle transition temperature curves are fitted for

Ni-Cr-Mo-V steel, which is shown in Fig. 4. It shows that the overall temperature curve
presents an “S” shape. The absorbed energy is basically around the fitted curve. The
Charpy impact data shows good stability. On the curve, the upper shelf energy (USE) of
the steel is 238J and the lower shelf energy (LSE) is 2.7J. Figure 4 shows that when the
temperature rises to 70 °C, the absorbed energy value of the Ni-Cr-Mo-V steel tends to
238J. When the specimen is cooled to −105 °C, the material also has a similar change
trend. The absorbed energy in the energy transition temperature (ETT) is relatively
discrete. The phenomenon is caused by unstable material properties in the ETT region.
According to the PD�O.0598–2004 specification, the temperature corresponding to the
absorbed energy of 47J is used as the DBTT Tk = T47J ≈ −72 °C.

3.1.2 Hardness Test

After the Charpy impact test, the impact fracture at different temperatures was
obtained. Based on the hardness test results, the hardness distribution graph at different
temperatures was drawn.

Figure 5 shows the hardness distribution along the length of the impact fracture at
the lower shelf. It is found that the hardness of the specimen at the lower shelf does
not change significantly. There is almost no plastic deformation in the lower shelf of
the Ni-Cr-Mo-V steel. Figure 6 shows the hardness distribution of the impact fracture
at −55 °C. There is an abrupt change near the broken end, especially at the location
of the hammer tup impact where the hardness is highest. This is due to the high strain
rate strengthening causing plastic deformation of the material during the impact. The
conclusion is that the upper shelf fracture should have a similar deformation in Fig. 7.
Comparing Fig. 6 with Fig. 7, it was found that the specimen has a larger hardness abrupt
change region on the upper shelf. The width of the plastic deformation zone is the largest
in the hardness distribution graph of the upper shelf fracture.

According to the hardness distributionof thematerial, the locationwhere the hardness
value steep increases would be the edge of the plastic deformation zone of the broken
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Fig. 4. The ductile-brittle transition temperature curves for Ni-Cr-Mo-V steel.

specimen. To accurately measure the size of the plastic deformation zone, the hardness
trend graph is shown in Fig. 8. The hardness value of the lower shelf fracture remains
largely unchanged at 232 HV0.3. The impact fracture of the ETT region shows that the
hardness value is relatively stable in the elastic zone away from the fracture. And the
hardness value has a large change in the plastic zone. The hardness of the specimen
in the transformation zone changes from 232HV0.3 to 241 HV0.3 at 4.5 mm from the
fracture. The upper shelf fracture has a similar phenomenon, except that the length of the
plastic deformation zone changes from 4.5mm to 7.0mm. Figure 8 shows that the plastic
deformation zone of the specimen becomes increases with the temperature increases.
The largest plastic deformation zone at the upper shelf with a length of approximately
7 mm. The hardness test results match the prediction of the ductile-brittle transition
temperature curve for Ni-Cr-Mo-V steel, which with the largest plastic deformation
zone in the upper shelf region.

3.2 Numerical Simulation

The GTN model is widely used to simulate ductile damage fracture of metals, and it is
one of the most classic models in damage dynamics. The complete GTNmodel with the
following Eqs. (2):

� = (
σeq

σm
)
2 +2 q1 f

∗ cosh(q2
3

2

σh

σm
) − (1 + q3 f

∗2) = 0 (2)

where q1, q2, q3, f ∗ are the correction parameters. The void volume fraction f ∗ affects
the growth, nucleation and coalescence of the material. The functional relationship is as
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Fig. 5. The hardness distribution of the impact fracture at the lower shelf. a) impact fracture, b)
The hardness distribution graph.

Fig. 6. The hardness distribution of the impact fracture at −55 °C. a) impact fracture, b) The
hardness distribution graph.
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Fig. 7. The hardness distribution of the impact fracture at the upper shelf. a) impact fracture, b)
The hardness distribution graph.

follows (3):

f ∗ =
{
f f0 ≤ f ≤ fc
fc + (f ∗

u − fc)
(fF − fc)

(f − fc) fc<f ≤ fF
(3)

where f ∗
u is the ultimate value of the damage parameter, f0 is the initial void volume

fraction, fc is the critical void volume fraction, fF is the final void volume fraction. The
equation shows that the material has certain microvoids in the GTN model. With the
increase of plastic deformation, the void volume fraction reaches the critical value fc, at
which time the microvoids coalesce. When the void volume fraction further coalescence
to fF, the material will fracture. At this time, the material appears a lost load-bearing
capacity. The failure element will be deleted.

The damage evolution of the material in the GTN model exists mainly in two forms,
the growth of the initial voids f g and the nucleation of new voids f nu. Therefore, the
change of the void volume fraction of the material is also dominated by these two
components, as shown in (4):

df = df g + df nu (4)

df g = (1 − f ) dεp : I
(5)

df nu = fN

SN
√
2π

exp

[
−1

2
(
εp − εn

SN
)
2
]
d εp (6)
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Fig. 8. The hardness trend of the impact fracture at different temperatures region.

where εp is the equivalent plastic strain of the material, f N is the volume fraction of void
nucleation, εn is the mean strain for void nucleation, SN is the corresponding standard
deviation of void nucleation.

The requirements of the GTNmodel include the inherent material parameters. There
are nine undetermined parameters to be determined which are q1, q2, q3, f 0, f N, f c,
f F, εn, SN. Considering the symmetry of the Charpy impact specimen structure and
load, the model is established with 1/2 of the thickness direction of the Charpy impact
specimen. The symmetry constraint boundary conditions were given at the cross-section.
The impact results have shown that Ni-Cr-Mo-V steel has the largest absorbed energy
and the greatest plastic deformation zone of the fracture in the upper shelf. To ensure that
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the size of the insertion section of the reconstituted specimen satisfies the reconstitution
technique. The numerical simulations should be carried out for the upper shelf. The load-
displacement curve obtained from the simulation was compared with the experimental
curve. The two curves should be matched to accurately reproduce the impact process of
the Ni-Cr-Mo-V steel. The GTN damage model parameters were finally determined, as
shown in Table 1. The hammer tup and anvil of the model are set as rigid structures with
a material density is 7.8 × 103 kg/m3, Young’s modulus is 210 GPa and the Poisson’s
ratio is 0.3. The parameters obtained from the tensile test and the required for the impact
model are shown in Table 2.

Fig. 9. The load-displacement graph of the Charpy impact and simulation results on the upper
shelf.

At the end of the simulation of the impact process, the load-displacement graph was
obtained. Figure 9 shows that the simulation results are consistent with the overall trend
of the impact test. The simulation model better reproduces the impact of the Ni-Cr-Mo-
V steel on the upper shelf. The cloud diagram of the plastic deformation zone of the
upper shelf fracture is shown in Fig. 10. The figure shows that the plastic deformation of
the broken specimens on both sides of the notch is symmetrically distributed, which is
consistent with the theoretical reasoning of fracture mechanics. The cloud has a similar
deformation distribution to the hardness distribution shown in Fig. 7b. The graph shows
that the greatest plastic deformation where the hammer tup touches. There is no plastic
deformation in the region of the V-notch, which the stresses from the impact are released
near the V-notch. The maximum plastic deformation size of the upper shelf fracture
can be determined from the outermost contours of the plastic cloud in the numerical
simulation. Figure 10 shows that the maximum length of the plastic deformation zone at
the upper shelf is approximately 7 mm, which also corresponds to the hardness results.
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Fig. 10. The cloud diagram of the plastic deformation on the upper shelf.

Table 1. GTN model parameters.

Parameters q1 q2 q3 εn SN f 0 fN f c f F

Value 1.5 1.0 2.25 0.3 0.1 0.0002 0.0011 0.10 0.12

Table 2. The impact model parameters.

Parameters Material
density

Young’s
modulus

The
Poisson’s
ratio

Yield
Strength

The
initial
velocity
of the
tup

Friction
coefficient

Time

Value 7.8×
103 Kg/m3

128GPa 0.28 498 MPa 5.2 m/s 0.2 0.006 s

3.3 Insert Length

To accurately measure the mechanical properties of the reconstituted specimen, the
reconstituted specimen should reflect the properties of the virgin specimen, which
requires that the central portion should avoid the plastic deformation zone. Finally,
the broken specimen on the upper shelf was selected for the simulation. The hardness
test results are consistent with the simulation results. The plastic deformation zone of
the Ni-Cr-Mo-V steel in the upper shelf region is about 7.0 mm. Ultimately, the insert
length of the Charpy reconstituted specimen of the Ni-Cr-Mo-V steel was determined
to be 20 mm, which conforms to the technical specification for reconstituted specimens,
as shown in Fig. 11.
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Fig. 11. The insertion section sampling specification of the Charpy reconstituted specimen.

4 Conclusions

The main purpose of the paper is the reconstituted specimens of Ni-Cr-Mo-V steel to
obtain more specimen data in response to the scarcity of irradiation surveillance spec-
imens. After obtaining the DBTT curve, the impact fractures at different temperatures
are also obtained. The DBTT of the Ni-Cr-Mo-V steel is−72 °C. The conclusion shows
that the Ni-Cr-Mo-V steel has better ductility. The hardness test is carried out on the
impact fractures of the different temperature regions. The length of the plastic deforma-
tion zone in the ETT region is 4.5 mm. But the length of the plastic deformation zone
in the USE region is 7.0 mm. The hardness test results show that the plastic deforma-
tion zone of the Ni-Cr-Mo-V steel becomes increases with the temperature increases.
In addition, the finite element numerical simulation of the impact process in the upper
shelf was carried out by ABAQUS. The GTN (Gurson-Tvergaard-Needleman) fine dam-
age model was established based on the reverse finite element method. The numerical
simulation results compared with Charpy impact results to determine the GTN model
parameters. The maximum plastic deformation zone of the simulation results is approx-
imately 7.0 mm, which is consistent with the hardness test results. The insertion section
size of the Ni-Cr-Mo-V steel reconstituted specimen was determined to be 20 mm,
which provided data basis for the insertion section sampling specification of the Charpy
reconstituted specimen.
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Abstract. Reasonable division of emergency planning zones is an important tech-
nical basis for emergency preparedness and responses. In order to evaluate the size
of the emergency planning zone, it’s important to determine the appropriate atmo-
spheric dispersion factor based on the realistic site conditions to calculate the dose
consequences caused by the accident through the radioactive plume. This paper
introduces the current progress in the calculation of emergency planning zoning
for different reactor nuclear power plant sites, the general method of determining
the emergency planning zone in China and puts forward the method for optimiz-
ing the calculation of the atmospheric dispersion factor used in the emergency
planning zoning for HPR1000 nuclear power plant site. Based on the theoretical
analysis and comparison of the current main calculation models of atmospheric
dispersion factor, this paper is devoted to the feasibility analysis of use of Gaus-
sian puff models in the EPZ calculation considering the light wind and the calm
wind condition, which can obtain the convergence results. This model can fully
consider the dispersion process, spatial variation of meteorological fields, topo-
graphic effects and accumulation of pollutants and greatly improve the calculation
accuracy. To solve the problems of low calculation speed brought byGaussian puff
models used in the EPZ calculation, the paper makes a theoretical analysis of the
current main weather sampling methods and puts forward the stratified random
sampling method to improve the speed of EPZ calculation. This method can select
representativeweather samples from the annualweather sequences to represent the
annual situation so as to speed up the calculation without affecting the calculation
accuracy.

Keywords: Emergency Planning Zone · Atmospheric Dispersion Factor ·
Weather Sampling · Stratified Sampling · Weather Classification

1 Introduction

Emergency planning zone refers to the area around the nuclear power plant which has
emergency plans and emergency preparedness so as to take effective protective actions
to protect the public in case of a nuclear accident. The aim of establishing emergency
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planning zone is to divide the zone that requires protection measures in advance and
make emergency preparedness in this zone so as to take intervention actions in the event
of an accident at the nuclear power plant, protect the public and reduce the harm to the
public and the environment [1]. Reasonable division of emergency planning zone is an
important technical basis for making emergency plans.

HPR1000 is the third generation nuclear reactor researched and developed by CNPE
(China Nuclear Power Engineering Company) independently, which has active and
passive safety features. The research on the division of emergency planning zone for
HPR1000 nuclear power plant site is helpful to the subsequent optimization work for
HPR1000.Basedon the currentmain calculationmodels of atmospheric dispersion factor
and the currentmainweather samplingmethods, this paper puts forward the optimization
method of emergency planning zones for HPR1000 nuclear power plant site.

2 Calculation and Division of Emergency Planning Zones at Home
and Abroad

2.1 Calculation of Emergency Planning Zones Abroad

D.W.Hummel et al. [2] calculate atmospheric dispersion factors, dose consequences and
the reasonable size of emergency planning zone of small modular reactors including high
temperature gas-cooled reactor, molten salt reactor, lead cooled fast reactor and small
pressurized water reactor using ADDAM and compare the calculation results with the
calculation results of emergency planning zones forCANDU6under theUSBOaccident.
The calculation results show that the dose consequences of small modular reactors are
much smaller than that of CANDU 6. A relatively smaller emergency planning zone
can be chosen for small modular reactors. Mazzammal Hussain et al. [3] calculate dose
consequences of 10 MW nuclear research reactor using InterRAS developed by IAEA.
The calculation considers accidents of 61 m high reactor source release and ground
release and selects constant weather conditions. The calculation results are consistent
with the dose consequences of PARR-1 calculated by Hotspot and meet the standard for
emergency planning zone of IAEA and PAK/914.

2.2 Calculation of Emergency Planning Zones at Home

Luo Haiying et al. [4] calculate dose consequences of emergency planning zone of
Taishan Nuclear Power Plant which adopts the third generation EPR using MACCS2.
The calculation considers three design basis accidents including large loss of coolant
accident, steam generator tube rupture and fuel operation accident and selects the hourly
weather data. The calculation results show that the radius of the emergency planning
zone of Taishan Nuclear Power Plant is less than 0.5 km, which is consistent with
the design goal of EPR. Considering social conditions and the public psychology near
TaishanNuclear Power Plant, the inner radius of the emergency planning zone of Taishan
Nuclear Power Plant is recommended to be 4 km and the outer radius is recommended to
be 7 km. Huang Ting et al. [5] select some coastal nuclear power plant site which adopts
AP1000, calculate the atmospheric dispersion factor using PAVANand calculate the dose
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consequences using MACCS. The calculation considers large loss of coolant accident
and coremelt release accident and selects the hourlyweather data. The calculation results
show that the inner radius of the emergency planning zone of the AP1000 nuclear power
plant site is recommended to be 3 km and the outer radius is recommended to be 7 km.
Yu Fei et al. [6] select some underground nuclear power plant site, consider large loss
of coolant accident and calculate the atmospheric dispersion factor using Hotspot. The
calculation results are compared with the intervention level in GB18871-2002. The
results show that the dose level at any distance outside the underground nuclear power
plant is far less than the standard value.

2.3 Size of Emergency Planning Zones of Operating Nuclear Facilities at Home

Size of plume emergency planning zone is generally determined within a radius of
10 km with the reactor as the center according to the thermal power of the reactor,
the inner zone of the plume emergency planning zone is generally determined within a
radius of 5 km with the reactor as the center. Size of ingestion emergency planning zone
should be determined according to the radiation consequences of the accident and can
be determined according to the actual radiation monitoring results during emergency
response. Sizes of emergency planning zones of current nuclear power plants in China
are shown in Table 1 [1, 7].

Table 1. Sizes of Emergency Planning Zones for operating Nuclear Power Plants in China

Name of nuclear power plant Radius of plume emergency
planning zone/km

Radius of ingestion emergency
planning zone/km

Guangdong Daya
Bay/Ling’ao Nuclear Power
Plant

Inner: 5
Outer: 10
Preventive protective action
zone: 3

50

Zhejiang Qinshan Nuclear
Power Plant

Inner: 3
Outer: 7

30

Jiangsu Tianwan Nuclear
Power Plant

Inner: 4
Outer: 8

30

The data in Table 1 can be used as a reference for the subsequent calculation and
optimization of the emergency planning zone of HPR1000 nuclear power plant site.
The general method of determining the emergency planning zone and the optimization
method of HPR1000 nuclear power plant site are introduced below.

3 General Method for Determining Emergency Planning Zone [8]

The process of determining emergency planning zone of nuclear power plant is shown
in Fig. 1:
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(1) Determine the accident type and source type, weather data, weather sampling
methods and atmospheric dispersion factors.

(2) Calculate the expected dose that the accident may cause to the public through the
passing plume and the dose that can be prevented after taking specific protective
actions and estimate the contamination level of contaminated food and drinking
water.

(3) Compare the calculated dose level and contamination level with the general opti-
mization intervention level or action level in GB18871-2002 [9] and determine the
size of the emergency planning zone. Ensure that the public dose and contamination
level of contaminated food and drinkingwater caused by the accident are lower than
the corresponding general optimization intervention level and action level.

When calculating the dose consequences caused by the accident through passing
plume, it is necessary to determine the appropriate atmospheric dispersion factor accord-
ing to the actual working conditions and evaluation purposes. Based on the determination
of atmospheric dispersion factor, the optimization method of emergency planning zone
for HPR1000 nuclear power plant site is put forward below.

Fig. 1. Process of determining emergency planning zone

4 Introduction and Comparison of Different Calculation Models
of Atmospheric Dispersion Factors

In the evaluation of consequence of nuclear power plant accidents, the calculation mode
of atmospheric dispersion factor depends on the evaluation purpose. In this section,
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the current main calculation models of atmospheric dispersion factor are introduced and
analyzed. The optimization idea of emergency planning zone ofHPR1000 nuclear power
plant site under the light wind and the calm wind condition is put forward.

4.1 RG1.145 Model

RG1.145 model is based on Gaussian plume model, that is, the radioactive material is
normally distributed about the plume axis in the atmosphere, it is assumed that the plume
between the release point and points at all distances where the X/Q value needs to be
calculated is flat.

RG1.145 model realizes the transformation of atmospheric dispersion estimation
from RG1.4 determinism to probability theory and introduces the important idea that
dispersion conditions are related to orientation. At the same time, it considers building
wake effect and plume wind vibration effect. It can make calculations under the ground
source release and elevated release conditions. The model takes the joint frequency
data of wind direction, wind speed and atmospheric stability of nuclear power plant
site as input and calculates the atmospheric dispersion factor X/Q values of radioactive
materials at the boundary of exclusion area boundary (EAB) and the outer boundary of
the low population zone (LPZ) in different time periods and different locations under
the design base accident conditions.

4.2 NUREG/CR-6331 Model

NUREG/CR-6331model adopts linear Gaussian plume dispersionmodel, assuming that
the release rate of contaminants is uniform and constant in the whole period, which is
convenient for users to evaluate the accident consequences without fully understanding
the accident release sequence.

ARCON96 based on NUREG/CR-6631 model can make calculations in the case
of ground release, mixed release and elevated release and consider the influence of
building wake effect on atmospheric dispersion factor in the case of ground release. The
calculation result of mixed release is a simple superposition of that of ground release
and elevated release and their respective proportions are determined by the ratio of
the vertical outflow velocity of pollutants to the wind speed at the release height. The
calculation result of elevated release will consider the downwash effect of the building
and the influence of the height difference of the control room.

ARCON96 uses hourly weather data to calculate atmospheric dispersion factors and
uses hourly results to calculate atmospheric dispersion factors in different periods from
2 h to 30 days to obtain cumulative percentage distribution, fromwhich the value of 95%
probability level is selected as the atmospheric dispersion factor value in each period.

4.3 NUREG/CR-4691 Model [10, 11]

NUREG/CR-4691model adopts one-dimensional Gaussian linear plumemodel to simu-
late atmospheric transport, dispersion and deposition of radioactive materials, considers
physical and chemical phenomena including building wake effect, plume rise, dry/wet
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deposition, radioactive decay and resuspension and finally obtains the atmospheric dis-
persion factor X/Q values of different probability levels on the downwind axis of plume
at different distances from the center of the nuclear power plant site (such as mean, 50th,
90th, 95th, 99.5th, etc.).

Gaussian linear plume model regards the release of radionuclide as a continuous
point source and assumes that the contaminant concentration is normally distributed in
the vertical and horizontal directions when weather conditions (such as wind direction,
wind speed, stability, etc.) do not change with time and distances, as shown in Formula
(1):

C(x, y, z) = Q

2πuσyσz
· exp

[
− y2

2σ 2
y

]
· exp

[
−(z − h)2

2σ 2
z

]
(1)

where:
C(x, y, z): the time integrated air concentration (Bq · s/m3);
Q: the quantity of radionuclides released (Bq);
u: average wind speed (m/s);
h: release height (m);
σy, σz: horizontal and vertical dispersion parameters (m).

4.4 Lagrange Gaussian Puff Model [12, 13]

Lagrange Gaussian puff model is used widely in CALPUFF, which is based on unsteady
Lagrange Gaussian puff dispersion model and simulates the dispersion, transformation
and removal of puff on the moving path by tracking the movement of discrete puff
released from the emission source until the puff leaves the simulation area. In addition,
changes in time and space of weather conditions are considered in the process of puff
dispersion. An important role of unsteady dispersion is that puff can change its moving
path with the change of wind direction. In the process of movement, the puff responds to
the surface characteristics changing with space, such as surface roughness, soil moisture
content, etc.

The CALPUFF Modeling System includes three main modules: CALMET,
CALPUFF and CALPOST. CALMET is a meteorological model, which develops wind
and temperature fields on a three-dimensional gridded modeling domain and simultane-
ously develops two-dimensional fields including mixing height, surface characteristics
and dispersion properties. CALPUFF is a transport and dispersion model which advects
puffs of material emitted from sources and simulates dispersion and transformation pro-
cesses along the way. CALPUFF uses fields changing with time and space generated
by CALMET. The primary output files from CALPUFF include concentration fields
or deposition fluxs. CALPOST is used to process postprocess modules of output files,
produces time series files, count the maximum value of concentration and the exceeding
rate of some certain threshold concentration, etc.

CALPUFF has two kinds of puffs: the Gaussian puff with isotropic distribution and
the puff stretched along the wind direction. CALPUFF can choose either puff or the
mixed simulation method to make full use of the advantages of the two puffs.
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The unsteady process of the puff model is based on the theory that the contami-
nant concentration at a certain point in space is the superposition result of dispersion
contributed by the continuously released puffs. Formulas describing the concentration
contribution of a certain puff at a certain receptor point are shown in Formula (2) and
Formula (3):

C = Q

2πσxσy
g exp

[
−d2

a /
(
2σ 2

x

)]
exp

[
−d2

c /
(
2σ 2

y

)]
(2)

g = 2

(2π)1/2σz

∞∑
n=−∞

exp
[
−(He + 2nh)2/

(
2σ 2

z

)]
(3)

where:
C: ground concentration (g/m3);
Q: the quantity of contaminant (g);
σx, σy, σz: dispersion parameters (m) in longitudinal horizontal, transverse horizontal

and vertical directions;
da, dc: the distance (m) between the longitudinal puff center and the transverse puff

center and the receptor;
g: the vertical term (m) in the Gaussian equation;
He: the effective height (m) from the center of the puff to the ground;
h: mixing height (m);
The sum term in g represents multiple reflections between the top of the mixed layer

and the ground. When σz > 1.6 h, the mixed layer is nearly uniform in the vertical
direction.

In the medium distance scale transmission, the piecewise change of the puff volume
in the sampling step is small and the integral puff can meet the calculation requirements.
Whendealingwith local scale problems, the integratedpuffmaynotmeet the requirement
because some puffs may grow very fast.

Stretched puffs can be used to deal with local scale air contamination because
stretched puffs can reflect the influence of contamination source on the near field.
Stretched puffs can be regarded as a group of overlapping puffs with small separa-
tion distances. The concentration contribution of a stretched puff is shown in Formula
(4) and Formula (5):

C(t) = Fq√
2πu′σy

g exp

[
−d2

c

2σ 2
y

u2

u′2

]
(4)

F = 1

2

{
erf

[
da2√
2σy2

]
− erf

[
−da1√
2σy1

]}
(5)

where:
u: vector average wind speed (m/s);
u′: scalar wind speed (u′ = (

u2 + σ 2
ν

)1/2
, σν is the standard deviation of the wind

speed);
q: source emission rate (g/s);
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F: causal effect function;
g: the vertical term of the Gaussian equation;
dc, da: the distance to the receptor from the position perpendicular to the axis of

the stretched puff and the position along the direction of the stretched puff, footmarks 1
and 2 represent the old release point and the new release point, the footmarks without
numbers represent the values defined on the receptor.

4.5 Comparisons of Atmospheric Dispersion Factor Models

RG1.145 and NUREG/CR-4691 are both based on Gaussian plume models while
CALPUFF is based on Gaussian puff models, the comparison between them are shown
in Table 2. When calculating atmospheric dispersion factors, Gaussian puff model will
consider the dispersion process while Gaussian plume model assumes that the plume
forms instantly at every point in the space without considering the dispersion process.
Under the low wind speed conditions, the Gaussian plume model is still suitable while
the calculation results of Gaussian plume model tend to be infinite when the wind speed
approaches zero. Gaussian plume model will dynamically consider the spatial change
of meteorological field and topographic effect while Gaussian plume model ignores
them. Gaussian puff model will consider the accumulation of calculation results at every
time point while the calculation results of Gaussian plume model at each time point are
independent of each other.

Therefore, compared with the Gaussian plumemodel, CALPUFF based on Gaussian
puff model is more suitable for the calculation of atmospheric dispersion factor under the
light wind and the calm wind condition. When calculating the emergency planning zone
of HPR1000 nuclear power plant site under the light wind and the calm wind condition,
it is more appropriate to choose CALPUFF based on Gaussian puff model.

Table 2. Comparisons between Gaussian plume model and Gaussian puff model

Gaussian puff model Gauss plume model

Whether the dispersion process is considered Yes No

Whether the models is suitable under the low wind
speed conditions

Yes No

Whether the spatial change of meteorological field
is considered

Yes No

Whether the contaminant accumulation is
considered

Yes No

5 Weather Sampling

When calculating the atmospheric dispersion factor, it is necessary to consider the
weather conditions according to the actual working conditions and determine the atmo-
spheric stability, the wind speed, the wind direction and the rainfall intensity when an
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accident occurs. According to the discussion in the previous section, it is appropriate to
choose CALPUFF to calculate the atmospheric dispersion factor under the light wind
and the calm wind condition. In order to consider the weather conditions throughout the
year, CALPUFF uses the annual weather data to calculate hourly which can ensure the
accuracy, but it takes a long time to calculate.

We can consider appropriate weather sampling methods which select representative
weather data from the annualweather data to reduce the number of hours to be calculated.
This part of weather data should represent the annual weather data: the error between
the atomspheric dispersion factor value calculated by using this part of weather data
and that calculated by using the annual weather data must be within a reasonable range.
Therefore, by choosing the appropriate weather sampling methods, we can reduce the
calculation time to optimize the calculation of atmospheric dispersion factor and the
emergency planning zone of HPR1000.

5.1 Introduction to Different Weather Sampling Methods [14]

Weather sampling methods include the following three types: systematic sampling, sim-
ple random sampling and stratified random sampling [15]. Systematic sampling: deter-
mine the sampling starting point, the sampling interval and the sampling number, choose
samples from the population in turn. Simple random sampling: the characteristics of the
sampling population are completely ignored and the weather data are randomly selected
with equal probability as the representative of the annual weather data. Stratified ran-
dom sampling: divide the whole weather data into several subpopulations named layers,
samples are chosen from each layer.

Compared with systematic sampling and simple random sampling, stratified sam-
pling can fully consider various weather conditions, including those with low frequency
but possibly causing serious accident consequences. For example, according to the actual
working conditions and specific weather conditions, we can separate layers for those
weather conditions that have a low frequency but may cause serious accident conse-
quences so as to ensure that the weather conditions will be sampled during sampling.
While simple random sampling and systematic sampling cannot do this. Therefore,
maybe it is feasible to select stratified random sampling to optimize the calculation of
the emergency planning zone of HPR1000 nuclear power plant site. Take the follow-
ing typical stratified random sampling method of weather data as an example to briefly
explain the stratified random sampling method.

5.2 Stratified Random Sampling of Weather Data

The current typical stratified sampling process of weather data is shown in Fig. 2.

(1) Determine the standard of stratifyingweather data and the characteristics ofweather
data of each layer. A typical weather classification standard is shown in Table 3. The
weather stratification standard includes 32 weather bins according to the influence
of weather conditions on the accident consequences.
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(2) According to the characteristics of weather data at each moment, divide the annual
weather data into the corresponding weather bins. For example, the weather data
of the first hour of the year, the atmospheric stability is A, the wind speed is 3 m/s,
no rainfall, then the weather data at that moment should be put into weather bin 1.

(3) Sample weather data from each weather bin. The weather data chosen are used as
weather input for calculating the atmospheric dispersion factor. If four weather data
are sampled from each weather bin, 128 weather data are finally sampled. For the
sake of simplification, simple random sampling can be adopted to sample weather
data from weather bins.

The final calculated atmospheric dispersion factor value is the sumof the atmospheric
dispersion factor values calculated under different weather conditions multiplied by the
correspondingweights. For the weather data sampled from the ith weather bin, its weight
is shown in Formula (6):

1

Ki
· Ni

32∑
i=1

Ni

(6)

where:
Ki: the number of weather data sampled from the Nith weather bin, which is 4 in

this example;
Ni: The total number of weather data contained in the ith weather bin.

Fig. 2. The flow chart of stratified weather sampling

In addition, Hu et al. [15–17] improve the typical weather stratification standard
and put forward the weather stratification standards applicable to China coastal nuclear
power plant sites. For the optimization of the emergency planning zone of HPR100
nuclear power plant site, when adopting stratified random sampling to sample weather
data as the weather input of CALPUFF, two problems need to be considered, which are
to be solved in the follow-up research:

(1) Weather conditions of different nuclear power plant sites are different, so it’s nec-
essary to determine appropriate weather stratification standards according to the
actual weather conditions of nuclear power plant sites.
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Table 3. A typical weather classification standard

Weather bin number Weather characteristics Weather bin number Weather characteristics

1 A-B, u ≤ 3 17 The rainfall intensity in
the interval (0, 10) is 1

2 A-B, u > 3 18 The rainfall intensity in
the interval (10, 16) is 1

3 C-D, u ≤ 1 19 The rainfall intensity in
the interval (16, 24) is 1

4 C-D, 1 < u ≤ 2 20 The rainfall intensity in
the interval (24, 32) is 1

5 C-D, 2 < u ≤ 3 21 The rainfall intensity in
the interval (0, 10) is 2

6 C-D, 3 < u ≤ 5 22 The rainfall intensity in
the interval (10, 16) is 2

7 C-D, 5 < u ≤ 7 23 The rainfall intensity in
the interval (16, 24) is 2

8 C-D, u > 7 24 The rainfall intensity in
the interval (24, 32) is 2

9 E, u ≤ 1 25 The rainfall intensity in
the interval (0, 10) is 3

10 E, 1 < u ≤ 2 26 The rainfall intensity in
the interval (10, 16) is 3

11 E, 2 < u ≤ 3 27 The rainfall intensity in
the interval (16, 24) is 3

12 E, u > 3 28 The rainfall intensity in
the interval (24, 32) is 3

13 F, u ≤ 1 29 The rainfall intensity in
the interval (0, 10) is 4

14 F, 1 < u ≤ 2 30 The rainfall intensity in
the interval (10, 16) is 4

15 F, 2 < u ≤ 3 31 The rainfall intensity in
the interval (16, 24) is 4

16 F, u > 3 32 The rainfall intensity in
the interval (24, 32) is 4

u: the initial wind speed (m/s)
The interval unit is km.
The unit of rainfall intensity is mm/h and the three breakpoints of rainfall intensity are 0.5, 2.5
and 15 mm/h.

(2) The weather input of CALPUFF is not the weather data at a certain moment, but a
weather sequence containing the weather data changing with time and space. It is
impossible to directly use the weather stratification standard to stratify the weather
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sequences, feature extraction of weather sequences may be needed to meet the
weather stratification standard.

6 Conclusion

(1) This paper puts forward the optimization method of HPR1000 emergency planning
zone calculation. Based on different calculation models of atmospheric dispersion
factors, it is suggested that CALPUFF based on Gaussian puff model is appropriate
under the light wind and the calm wind conditions. Based on different weather
sampling methods, it is proposed to select stratified random sampling to sample
weather data from the annual weather data as the weather input for calculating
atmospheric dispersion factor, which can reduce the calculation time and ensure
the calculation accuracy.

(2) There are two problems needed to be solved in the follow-up research: how to deter-
mine appropriate weather stratification standards to reflect the actual weather con-
ditions of the nuclear power plant site and how to extract the features of CALPUFF
weather sequences to meet the weather stratification standards.
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Abstract. Among different FAPIs (fibroblast activation protein inhibitors) devel-
oped for PET imaging, 68Ga-FAPI-04 has demonstrated themost impressive prop-
ertieswith lownanomolar affinity toFAP, near-complete internalizationof radioac-
tivity bound to FAP, and rapid blood clearance. The application of 68Ga-FAPI-04
has been extended to 28 different kinds of clinical cancer detection. The manual
synthesis of 68Ga-FAPI-04 is like other 68Ga-labeling peptides, such as PSMA-11
and DOTATATE. However, because the radiochemical conversion (RCC) is about
90%, it is required to conduct a purification and isolation process to meet the
required standard for clinical application. The purpose of this work is to charac-
terize the increase of isolation efficiency (IE) by increasing the volume of eluting
liquid applied to C18 columns and sterile filters. We designed an experiment and
measured the residual activity distribution on both C18 columns and sterile filters
for different eluting volumes.We characterized the change of activity residuals and
isolation efficiencies with different eluting volumes in the process of purification
and isolation. As a result, it was found that there were more activity leftovers on
sterile filters than on C18 columns. By increasing the eluting volume from 6 mL
to 12 mL, we measured the average IE being improved from 62.4% to 87.4%,
which is greatly beneficial to clinical applications. In addition, the fluctuation of
IE which might come from the different radiolabeling operators or materials used
in the experiment, was also obviously decreased from 11.3% to 4.5%. Thismethod
has been proven to be efficient in the production of 68Ga-FAPI-04.

Keywords: Radiopharmaceutical · FAPI-04 · Isolation efficiency · Quality
control · Gallium-68

1 Introduction

In cancer-associated fibroblasts, one of overexpressed proteins is called fibroblast acti-
vation protein (FAP), which was applied by researchers to develop new PET tracers
for various cancers. Among different FAP inhibitors developed for PET imaging, 68Ga-
FAPI-04 has demonstrated the most impressive properties with low nanomolar affinity
to FAP, near-complete internalization of radioactivity bound to FAP, and rapid blood
clearance.
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Its first PET/CT demonstration in breast cancer patients was accomplished by Lind-
ner et al. [1], whose work in the same group was prized the image of the year on
2019 Annual Meeting of the Society of Nuclear Medicine and Molecular Imaging
(SNMMI).[2] The application of 68Ga-FAPI-04 has been extended to 28 different kinds
of clinical cancer detection [3, 4]. All these exciting achievements quickly triggered a
clinical research wave on FAPI-04 imaging and therapy globally [5–7].

The work on 68Ga-FAPI-04 clinical research has started since 2020 in Luzhou. There
have been multiple works published on 68Ga-FAPI-04 PET imaging, which ranges from
case studies to systematic research [8–11].

The manual synthesis of 68Ga-FAPI-04 is like other 68Ga-labeling peptides, such as
PSMA-11 and DOTATATE.[12] However, because the radiochemical conversion (RCC)
is about 90%, it is required to conduct a purification and isolation process to meet the
required standard for clinical application.

To the best of our knowledge, there has been no previous study on quantitively
characterizing the effect of eluting volumes to isolation efficiency (IE) in the manual
synthesis of 68Ga-FAPI-04. The purpose of this work is to quantitively characterize the
increase of IE by increasing the volume of formation liquid applied to elute the C18
column and the sterile filter.

We designed an experiment and measured the residual activity distribution on both
C18 columns and sterile filters for different eluting volumes. From the measurements,
we calculated IEwith different eluting volumes. In addition, we characterized the change
of activity residuals in the process of purification and isolation.

2 Materials and Methods

Ga-68 eluates were obtained from a 68Ge/68Ga generator with nominal activity
1850 MBq (ITG GmbH Germany) using 4 mL of 0.05 M HCl. FAPI-04 (60 µg, Med-
ChemExpress LLC, China) was dissolved in 1 mL NaAc/HAc buffer (pH 4.0–5.0). The
reaction mixture was incubated for 10 min at 95 °C (LAWSON DHS-100).

After the completion of radiolabeling, the reactionmixture passed over aC18 column
(Sep-Pak Plus C18 Cartridge) and washed with 10 mL saline. The purified product was
eluted with 1 mL 50-vol% ethanol followed by 5 mL saline and sterile filtered (Millex-
GS, 0.22 µm) to get the final formulation. The activities of product, waste, and residuals
on the C18 column and the sterile filter were measured with a dose calibrator (Capintec,
CRC-55tR).

In order to study the effect of eluting volumes to IE, another 1 mL 50-vol% ethanol
followed by 5 mL saline was applied to the C18 column and the sterile filter. For com-
parison, the activities of product, and residuals on the C18 column and the sterile filter
were measured again by the dose calibrator.

The radiochemical purity (RCP) were determined by a radio-HPLC (LabAlliance).
A C18 column (Agilent, ZORBAX Eclipse C18 Plus, 4.6 mm × 250 mm, 5 µm) was
installed on the radio-HPLC. The gradient used mobile phase A and mobile phase B.
Flow rate was 1 mL/min starting with 90% A to 10% A within 15 min.

This experiment was repeated by three different sophistic radio-labeling operators
to suppress the effects caused by operators.
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3 Results

Fig. 1. The radio-HPLC results of purified 68Ga-FAPI-04 product.

The radio-HPLC results of the purified product are shown in Fig. 1 with an RCP of
99.4%. The free 68Ga peak appear near 2–4 min, which is not visible in the figure as a
result of purification. The labeled 68Ga-FAPI04 peak appears near 5–7 min.

In the process of purification and separation, the labeled 68Ga-FAPI-04 normally
could leave some percentages on C18 column and sterile filter. IE is calculated by,

IE = Aproduct

Aproduct + AC18 + Afilter
× 100%

where Aproduct is the activity of the product, AC18 is the residual activity on C18 column,
and Afilter is the residual activity on sterile filter.

Similarly, the ratio of the C18 column residual over the labeled 68Ga-FAPI-04,
RC18, and the ratio of sterile filter residual over the labeled 68Ga-FAPI-04, Rsf, are
also calculated for each eluting volume case. The results are listed in Table 1.

Table 1. The calculated IE, RC18 and Rsf based on 3 different experiments, in which the average
value and the standard deviation are shown.

V(mL) 6 12

IE (%) 62.4 ± 11.3 87.4 ± 4.5

RC18 (%) 9.5 ± 4.5 3.4 ± 1.8

Rsf (%) 28.1 ± 7.9 9.3 ± 2.7

4 Discussion

From IE results, it was found that an obvious improvement was achieved by eluting
the C18 column and the sterile filter twice. Although the volume of the product was
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increased as two times, the ratio of the radioactivity over the eluting volume is dropped
only to 70% because of more product eluted off the C18 column and the sterile filter. In
general, it is preferable to achieve more product activity in the production of 68Ga-FAPI-
04, which means that more patients and better imaging results could be accomplished
with one dose of production.

In addition, the standard deviation of IE representing the fluctuations was decreased
by a factor of 2.5, from 11.3% to 4.5%. The fluctuations might come from the factor of
different radiolabeling operators or the materials used in the experiment. In radiophar-
maceutical production, the fluctuation should be reduced, which was also achieved by
increasing the eluting volume.

In summary, the increase of eluting volume from 6 mL (1 mL 50-vol% ethanol
followed by 5 mL saline) to 12 mL is more beneficial for clinical applications.

From the measurements, it was also found that more percentage of activity residual
stays with the sterile filter than with the C18 column. There was about 3.0 times of
68Ga-FAPI-04 activity left on the sterile filter as much as on the C18 column after the
first eluting. This factor was changed to 2.7 after the second eluting, which was not much
with the consideration of the standard deviations.

Fig. 2. IE changes with eluting volume.

Assuming a linear extrapolation (see Fig. 2), 100% of IE could be obtained at V =
15.0 mL, which might not be perfectly realized in practice, but would give a guidance
on how much more one need to increase the eluting volume to gain more IE. For sure,
the ratio of the radioactivity over the eluting volume will drop further down with the
increase of the eluting volume.

5 Conclusion

In this work, we designed an experiment to quantitively characterize the change of
manually labeled 68Ga-FAPI-04 IE by enlarging the eluting volume from 6 mL (1 mL
50-vol% ethanol followed by 5 mL saline) to 12 mL. It was found that the average IE
was increase from 62.4% to 87.4%, with the standard deviation dropped from 11.3% to
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4.5%, which are beneficial to clinical applications in general. In addition, it was found
that there was 3.0 times activity left on the sterile filter as much as on the C18 column.
Assuming a linear extrapolation, the highest IE could be expected with a third eluting
on the C18 column and sterile filter.
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Abstract. FuSTAR is a new small fluoride-salt-cooled high-temperature reactor
designed for the energy needs of remotewestern regions. The TRISO fuel and heli-
cal cruciform fuel elements used in FuSTARand the integrated core design enables
inherent safety. Modelica is a process description language based on object equa-
tions. It has key features such as non-causal expression and model reuse, which
achieve repeatable visual modeling by connecting components. By modeling and
simulating FuSTAR using the Modelica, studies were carried out under steady-
state as well as multiple transients to understand the primary loop system response
of FuSTAR under accident scenarios. The results show that the parameters of the
primary loop system cannot exceed the safety limit with the insertion of step reac-
tivity and after changing the size of the temperature coefficient of reactivity, the
model can give a reasonable response.

Keywords: FuSTAR ·Modelica · Transient Analysis · Inherent Safety

1 Introduction

FuSTAR, the integral inherently safe Fluoride-Salt-cooled high-Temperature Advanced
Reactor, is a kind of molten salt reactor using the solid fuel, which belongs to Gen-
IV reactor concepts. It is jointly designed by Xi’an Jiaotong University and Shanghai
Nuclear EngineeringResearch andDesign Institute, aiming to effectivelymeet themulti-
purpose energy needs of industrial facilities in remote western China.

FuSTAR has a core power of 125 MW and uses TRISO pellet fuel in the core. In
this fuel, the granular nuclear fuel is wrapped in graphite. The very high melting point
of the graphite layer enhances the failure temperature of the fuel to a high level, which
is considered inherent safe to the reactor. During the operation of the reactor, the first
loop molten salt coolant (FLiBe) flushes the core with a certain flow rate to take away
the heat generated by fission in the core. After flowing out from the upper chamber of
the core, the coolant passes through three heat exchangers between the first loop and
the second loop to transfer heat to the molten salt (FLiNaK) in the second loop. Next,
after being pressurized by three main pumps installed inside the core, most of the FLiBe
flows back into the core again, and a small part passes through the passive residual heat
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removal system and then joins with the main flow of molten salt flowing out of the core,
thus a closed cycle of the primary circuit is completed [1].

FLiNaKflows from the heat exchangers with obtained heat into the high-temperature
molten salt pool to give heat to the energy conversion system, which converts the energy
fromheat to other forms of energy through the supercritical carbon dioxide cycle (Fig. 1).

Fig. 1. The FuSTAR system (1- Reactor (the first loop); 2- The second loop; 3- Molten salt pool;
4- Passive residual heat removal system; 5- Energy conversion system).

2 Method and Modelling

The main purpose of this paper is to study the response characteristics of the first loop
of FuSTAR. Therefore, the parts other than the primary loop system are simplified.

The energy conversion system and passive residual heat removal system are ignored.
The flow of molten salt in the second loop is assumed to be constant, and it is assumed
to flow into a node with constant pressure from a node with a constant temperature.

In the calculation of the core, using the point kinetics model, which is of 6 groups
of delayed neutrons precursors (DNP) are as follows [2] (Table 1):

The equations involved are as follows:

dn(t)

dt
= ρ(t) − β

�
n(t) +

∑

i=1

λiCi(t) (1)

dCi(t)

dt
= βi

�
n(t) − λiCi(t) · · · · · ·i = 1, 2, · · ·, 6 (2)

The above does not consider as the reflector, the radial distribution of core power,
etc.
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Table 1. Kinetics Data of DNPs.

Precursor Group Precursor
Fractions βeff

Decay Constant
λ (s−1)

1 0.000221570 0.0124906

2 0.00114377 0.0317961

3 0.00110754 0.109529

4 0.00316699 0.317445

5 0.000949597 1.35253

6 0.000320846 8.67551

Modelica programming language is developed by Linköping University and it is a
modern, strongly typed, declarative, and object-oriented language [5]. Modelica lan-
guage is characterized by component-oriented and multi-disciplinary, making it able to
simulate complex and dynamic systems. OpenModelica [6] is a free and open-source
environment for Modelica language, and it provides facilities including debugging, opti-
mization, visualization and plotting for Modelica program. In this paper, the Dynam-
icPipe component in the Fluid library in OpenModelica is used to simulate each molten
salt flow channel in the first loop of FuSTAR (among which, the Pipe component of the
core part of FuSTAR is divided into ten nodes according to the axial direction); the valve
component is used to integrate the local pressure loss in each flow channel of FuSTAR
so that the simulation results of OpenModelica can be as close to the design parameters
of FuSTAR as possible; the tank component is to simulate the pressurizer in FuSTAR;
the pump component is to simulate the main pump; and in order to make the model
more in line with the actual needs, the point kinetics model components and the axial
distribution of the core power, the temperature feedback part, and the heat exchanger
part of each Pipe component are added [3]. Finally, a schematic diagram of the model
is shown in Fig. 2.

The physical property parameters are obtained by using OpenModelica.Media.
Incompressible. Table Based to generate interpolation functions. The temperature coef-
ficient of reactivity and the physical parameters of the related materials are shown in
Table 2 and Table 3.

Table 2. Temperature coefficient of reactivity.

Medium Temperature coefficient of
reactivity (pcm/°C)

Fuel −0.41

Molten salt coolant −4.76
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Table 3. Physical property parameters.

Physical parameters Molten salt coolant

Density (kg/m3) 2413.3–0.4884T

Specific heat capacity [J/(kg ·
K)]

2380.6

Viscosity (Pa · s) 0.000116exp(3755/T)

Thermal Conductivity [W/(m
· K)]

1.1

Fig. 2. Model diagrams in OpenModelica (1- Pressurizer; 2- Upper chamber; 3- Heat exchanger;
4- The point reactor model; 5- Pump; 6- Downpipe; 7- The lower chamber).

3 Results and Discussion

3.1 Steady-State Calculation

The steady-state model is simulated under the core power of 125MW, and the calculated
results are compared with the design parameters in Table 4. It shows that the steady-state
results are in good agreement with the design parameters, and the transient calculation
can be carried out based on this model and dataset.
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Table 4. Comparison between calculated results and design parameters.

Parameter Designed value Calculated value Relative deviation (%)

Core Power (MW) 125.00 124.79 0.168

Core inlet temperature (K) 923.15 924.87 0.186

Core outlet temperature (K) 973.15 974.93 0.183

Main circuit flow (kg/s) 1050.15 1041.18 0.854

3.2 Step Reactivity Insertion Transient Analysis

In the case that the steady-state results are verified, this paper gets the results under
inserting 10 pcm, 50 pcm, and 100 pcm [4] of step reactivity into the core at t = 650 s.
The temperature change in the molten salt coolant at the core exit, the change in the
average temperature of the fuel, and the change in the core power after the insertion
of the step reactivity are shown in Figs. 3, 4 and 5. Figure 6 is an image of changes in
Core Power and Heat removed from the second loop under the insertion of 100 pcm step
reactivity, and Fig. 7 is the temperature of the molten salt of the second loop at the outlet
of the heat exchanger. Figure 8 shows the temperature change in the fuel center at the
node with the highest power in the core (the hottest spot).

Fig. 3. Transient change in relative power.

As can be seen in Fig. 3, after the step reactivity is inserted, the change in the core
power can be divided into three stages: In the first stage, the power increases rapidly
and then decreases rapidly; in the second stage, there is an increasing process for a short
period; in the third stage, the system reaches a steady state again. For other images, there
are three such processes. For example, the temperature change of the molten salt coolant
at the core exit shown in Fig. 5, it can be seen that the coolant temperature first increased
rapidly, then decreasedwith a very small amplitude, and finally increased slowly to reach
the final steady state.
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Fig. 4. Transient change in the average temperature of the fuel.

Fig. 5. Coolant salt temperature change at the core outlet.

For such a changing image, it is necessary to analyze the characteristics of the system
and how the step input influence on the system. The following analysis is performed in
the order of the three stages of parameter change.

In the first stage, the core power is increased sharply due to the insertion of a step
reactivity to the reactor. At the same time, the molten salt coolant and fuel temperature
will also increase. The increase in both adds negative reactivity to the reactor through the
temperature feedback, so the power peaks quickly and starts to drop. During this process,
the temperature rise of the molten salt in the core also increases rapidly in response to
the power change.

In the second stage, due to the temperature feedback, the core power rapidly drops
from peak, and the molten salt cannot maintain the temperature rise at high power.
Therefore, both the molten salt and the fuel will have a temperature drop at this time,
and these changes are reflected in Fig. 4 and Fig. 5. It adds positive reactivity to the
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Fig. 6. Changes in core power and Heat removed from the second loop at 100 pcm insertion.

Fig. 7. The temperature change in the molten salt of the second loop at the outlet of the heat
exchanger.

core through the temperature feedback, which leads to a second increase in core power
between 670 s and 700 s.

In the third stage, such a temperature drop will not last too long, and the core power
will return to the increasing trend immediately due to the temperature feedback, thus,
the system has entered the third stage of change. It can be seen in Fig. 6 that the heat
removed by the second loop does not keep up with the rapidly change in core power,
it is a slowly increasing process that eventually equals the heat generated by the core,
allowing the system to achieve a new steady state. Therefore, during the whole process,
the temperature of the molten salt in the second loop is always increasing, and this
change can be seen in Fig. 7. For a long period, the second loop cannot remove all the
heat generated by the primary loop, which leads to a slow increase in the temperature
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Fig. 8. Transient change in the hottest spot.

of the molten salt in the third stage. Eventually, the system will reach a new steady state
around 850 s.

From the point of view of safety analysis, it can be seen that even if 100 pcm of
reactivity is inserted, the molten salt temperature is still lower than 986 K, and the
peak temperature of the hottest spot of nuclear fuel will be lower than 1240 K. The
design safety limit of FuSTAR is: the hottest spot temperature needs to be lower than
1873 K, and the temperature of the fluorine salt coolant needs to be lower than 1089 K,
both temperatures are well below the limit with the insertion of 100 pcm of reactivity.
Without adding any safety facilities, the FuSTAR system is still safe under the insertion
of 100 pcm reactivity only by the temperature feedback.

3.3 Increasing the Outlet Pressure of the Pump

At t = 800 s, the outlet pressure of the three main pumps are simultaneously increased
from 2.15 MPa to 2.16 MPa within 50 s. Figure 9 shows the change in the pump outlet
pressure and the total flow of molten salt coolant under this condition. Figure 10, 11
and 12 show the change in the core power, the change in temperature of the molten salt
coolant at the core outlet, and changes in the hottest temperature of nuclear fuel under
the transient. And in this transient, the size of the temperature coefficient of reactivity is
artificially changed. Multiply its value by 5 or divide it by 5, and the obtained parameter
changes are also put into Figs. 10, 11 and 12.

It can be seen from Fig. 9 that under the operation of the pump changing the outlet
pressure value, the total mass flow value of molten salt in the circuit will increase with
the increase of pressure, which is determined by the momentum conservation equation
in the Pipe component. When the pressure of the fluid is increased, there must be a
concomitant increase in its flow. When the pump outlet pressure increases by 0.01 Mpa,
it can be seen that the flow value will increase by 90 kg/s.

Analyzing Figs. 9, 10, 11 and 12, it can be found that when the flow rate of molten
salt increases, its temperature rises in the core becomes smaller, which increases the heat
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Fig. 9. Changes in pump outlet pressure and molten salt mass flow.

Fig. 10. Change in core power.

taken away by the coolant from the core at the same time. Therefore, the coolant temper-
ature at the core exit will decrease and the fuel temperature will decrease accordingly.
At the same time, due to the existence of the temperature feedback, the change in both
will add a positive reactivity to the core. Then it can be seen from Fig. 10 that the total
power of the reactor will be increased accordingly.

In the process of increasing power due to the existence of a negative feedback,
the hottest temperature of nuclear fuel will change from decreasing to increasing at a
certain time (Fig. 11, Fig. 12). However, the temperature of the molten salt coolant will
always decrease due to the operation of increasing the flow rate for 50 s. After the pump
pressurization process is over, the excessive powerwill cause the coolant that is no longer
increasing its flow to start to heat up, which will add a positive reactivity to the core, and
the power will also start to decrease at this time. Then the system re-establishes a new
equilibrium, the temperature of the coolant will rise again, and the power of the reactor
will reach a new steady state value with the presence of temperature feedback.
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Fig. 11. Coolant salt temperature change at the core outlet.

Fig. 12. Change of the hottest temperature of the fuel.

Figure 10, 11 and 12 do a sensitivity analysis on the temperature coefficient of
reactivity. Figure 10 shows that a systemwith a larger temperature coefficient of reactivity
will have a greater rate of power boost during this transient and a shorter time for the
system to establish a new steady state. Because such system feedback is stronger. As
can be seen in Fig. 11, the strong negative feedback will cause the change in molten
salt coolant temperature to be smaller than in other systems. In systems with smaller
temperature coefficients of reactivity, the results are reversed, with lower power peaks,
larger changes in molten salt temperature, and a longer time to establish a new steady
state.
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4 Conclusion

In this paper, a model of the primary loop system of FuSTAR is established. After the
steady state results are verified, two transients are considered: adding step reactivity
and increasing pumps outlet pressure. Then, reasonable analysis of parameters changes
images obtained under the transient is carried out. Finally, the following conclusions are
drawn:

After the insertion of positive reactivity in the core, the fuel temperature and nuclear
power of the core will quickly reach a peak value due to the existence of the temperature
feedback after a brief increase, followed by a new steady state establishment process of
the order of 200 s;

Under the transient state of inserting 10 pcm, 50 pcm, and 100 pcm of positive
reactivity, FuSTAR can still operate under the safety limit without taking any action and
only relying on temperature feedback;

During the transient of the pump pressurization, the flow of molten salt coolant
is increased and pictures of the system response due to the temperature feedback are
obtained;

A system with a larger temperature coefficient of reactivity (absolute value) will
have a stronger power response and weaker changes in molten salt temperature during
pump pressurization transients.
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Abstract. In the analysis of phenomenology of serious accident, stratification
behavior is important in the late in-vessel stage of core melt. Traditional numer-
ical methods have difficulties in analyzing stratification process accompanying
with free surface, which need extra processes such as empirical correlations. The
Moving Particle Semi-implicit (MPS) method has a natural advantage in calcu-
lating multiphase flows with free surface. In this paper, we apply the potential
force surface tension model to the MPS program and extend the original surface
tension model to the interface tension calculation of multiple flows. The improved
MPS method is verified by a classical dam break problem. The surface tension
model is verified by the cases of droplet oscillation, droplet on solid wall and
floating droplet. Finally, the two-dimensional dam-break stratification experiment
of silicone oil and salt water is simulated, and the simulation results agree with
the experiment.

Keywords: MPS Method · Surface Tensional Model · Severe Accident · Density
Stratification · Contact Angle

1 Introduction

Different fluids will be stratified by gravity. In the late in-vessel stage of core melt severe
accident, stratification behavior is an important phenomenon. Like in the TIM accident
[1], due to the decay heat of fission products, the molten corium is formed and collected
in the lower head. And the molten corium may be separated into immiscible layers,
usually thought of as two or three layers. For example, MASCA [2] experiment, which
uses the prototypic core materials, indicate that the molten pool, initially a uniform
mixture of components, separates into two layers with different densities. The process
of melt stratification can influence the distribution of thermal load across the vessel wall
and affect the process of severe accident [3].

Some system program, such as MAAP [4], MELCOR [5] and PECM [6], can calcu-
late the thermo-hydraulics of themolten pool in lower head assuming stratified configura-
tion with empirical correlations employed. For numerical simulation which does not rely
on empirical correlations, the large deformation of interface and the interface tracking
of stratification process is a challenging task. To model the interfaces between phases,
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some methods, like the Front Tracking Method, Level Set Method [7], or Immersed
Boundary Method [8] are applied in CFD. These mesh methods have difficult in the
simulation of large topology deformation, such as unphysical total mass change.

Except for grid methods, particle methods have natural advantages in dealing with
free surface flow and large deformation of fluids. The Moving Particle Semi-implicit
(MPS) method [9] is one of particle methods for incompressible flow with free surface
flow. This method is widely applied in nuclear engineering [10]. In Lagrange system
of particle methods, two major approaches have been adopted to model the surface
tension, the continuum surface force (CSF) model [11] and the potential force (PF)
model [12]. And the potential force model is much simpler and more stable compared
to the continuum surface force model.

In this study, the potential force model is added to the original MPS method and
extended to simulate the interface between different fluids for stratification calculation.
The surface tension model and contact angle are verified by some droplet cases. And the
modifiedmethod is validated by a two-dimensional dam-break stratification experiment.

2 Numerical Methods

2.1 The Basis MPS Method

The governing equations ofMPS are themass conservation equations and themomentum
conservation equations for incompressible flow:

Dρ

Dt
+ ρ∇ · u = 0 (1)

Du
Dt

= − 1

ρ
∇p + υ∇2u + f

ρ
+ F (2)

where the vectors u, f and F respectively are velocity, surface tension, and external force
(gravity), t, ρ, p and υ respectively are time, density, pressure, and kinematic viscosity.
For different fluids, the fluid properties of each particle don’t change.

Particle interactions are based on the kernel function:

w(r) =
{ re

r − 1 (r < re)
0 (r ≥ re)

(3)

where r is the distance between particle i and particle j. The cut-off radius re, which
determines the range of interaction, is usually set as 3.1dp, where dp is the initial particle
diameter.

The particle number density is defined as the summation of neighboring kernel
function:

ni =
∑

j �=i
w

(∣∣�rij∣∣) (4)

where ni is the particle number density of particle i. For impressible fluid, the mass
conservation is ensured by keeping the ni as a constant.



290 L. Jian et al.

The gradient and Laplacian terms could be discretized based on theweighted average
of neighboring particles:

∇φi = d

n0
∑

j �=i

[
φj − φi∣∣rj − ri

∣∣2
(
rj − ri

)
w

(∣∣rj − ri
∣∣)

]
(5)

∇2φi = 2d

n0λ

∑
j �=i

[(
φj − φi

)
w

(∣∣rj − ri
∣∣)] (6)

λ =
∑

j �=i

∣∣rj − ri
∣∣2w(∣∣rj − ri

∣∣)∑
j �=i w

(∣∣rj − ri
∣∣) (7)

where φi and φj is represent scalar, n0 is the constant particle density calculated in the
initial state, d is the spatial dimension.

2.2 Boundary Condition

To preserve incompressible condition, the particle number density is kept constant in
each time step. While for particles on the free surface, the number density will decrease.
Using this property, the particles on free surface can be identified with a threshold value
of particle number density. Then the Dirichlet boundary condition on free surface is
applied in the pressure calculation. The threshold is set as follows:

ni < βn0 (8)

where β is a constant value less than 1.0 and usually set as 0.97.
The wall boundary condition is the Norman boundary condition. The wall particles

and dummy particles are arranged along the boundary. The wall particles are included
in the pressure calculation and density calculation and the dummy particles are only
included in density calculation. Then non-slip boundary condition is utilized for wall
boundary.

2.3 The Potential Force Surface Tension Model

The potential function [13] is set similar to the molecular forces

P(r) =
{ C_sur

3

(
r − 3

2 r0 + 1
2 re

)
(r − re)2 (r < re)

0 (r ≥ re)
(9)

where r, r0 and re respectively are the distance between particles, the distance between
initial particles and the effective radius, which is generally set re as 3.2 r0.

C_sur is a coefficient related to surface tension, which can be obtained by the surface
energy between fluids:

Cf = 3 × 2σ r20∑
i∈A,j∈B,|rij|<re

(
r − 3

2 r0 + 1
2 re

)
(r − re)2

(10)
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Fig. 1. Schematic diagram of calculation of surface

where σ is the coefficient of surface tension. The distribution of region A and B is shown
in Fig. 1.

The coefficient C_sur between fluid particles and solid particles can be derived from
Cf :

Cfs = Cf

2
(1 + cos θ) (11)

where θ is the contact angle.
The coefficient C_sur between different fluid particles can be derived in a similar

way to a single fluid

Cf ,AB = 3
(
σf ,A + σf ,B − σf ,AB

)
r20∑

i∈A,j∈B
(
r − 3

2 r0 + 1
2 re

)
(r − re)2

(12)

where σ f,AB indicates the miscibility of fluid A and B, and θAB is defined as the
hypothetical interface contact angle.

The interface tension coefficient can be calculated in a similar way to the coefficient
between fluid particles and solid particles. Since the fluid A floats on the fluid B, ρf,A <

ρf,B is presumed.

Cf ,AB = Cf ,A

2
(1 + cos θAB) (13)

3 Model Verification

3.1 Dam Break

The dam break case has been widely used for liquid computing in CFD. In a rectangular
container, the water column stands still on the left side of the container originally, and
takes up 1/4 of the width of the container. Within 1s of the barrier being dropped, the
water column is flowing rapidly due to gravity.

With the initial particle distance r0 of 0.008m and time stepΔt of 0.001 s, the process
in 1s is simulated. The fluid front position was compared with the experiment [14] in
Fig. 2. The trend of fluid front changing with time in MPS calculation is consistent with
the experimental results, but the front motion changes slightly faster in simulation. Such
a difference is reasonable considering that it takes time for the water column barrier to
be extracted in the experiment. The simulation results of other scholars also reflected
this difference.
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Fig. 2. Comparison of different fluid front positions

3.2 Droplet Oscillation

A square droplet is released in two-dimensional space in vacuo. The droplet oscillates
periodically due to surface tension and the theoretical solution of the oscillation period
can be calculated according to the physical properties. In this case, the droplet oscillation
period is about 1.3 s and the numerical results are shown in Fig. 3.

Fig. 3. Numerical results of droplet oscillation

The simulated oscillation period is close to the analytical result. The droplet shape
rotates 45° at 0.7 s, and is close to the initial shape at 1.3 s. As numerical dissipation
inhibits oscillation, eventually the droplet will approach the equilibrium sphere.

3.3 Droplet on Solid Wall

The droplet contacts the solid wall in initial state and is released. Figure 4 shows droplet
morphology after 10.0s, when droplet movement almost stops and approaches steady
state.

In Fig. 4, the larger potential force between fluid particles is, the smaller contact
angle appears. The simulated solid-liquid contact angle is consistent with the set contact
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Fig. 4. Numerical results of droplet behavior on solid wall

angle. When the contact angle is 180°, there is no attractive potential force between fluid
and wall and the droplet separates from the wall.

3.4 Floating Droplet

For the case of two fluid interfaces, a case similar to the solid-liquid contact angle is
selected. Fluid A and fluid B have the same physical properties and are immiscible. Fluid
A is a droplet floating on fluid B. Figure 5 shows the calculation of different interface
contact angles. It is considered that the calculated state is close to steady state after 10 s
and the gravity is not calculated.

It can be seen from Fig. 5 that the contact angle θAB has a significant influence on
the droplet interface shape. The contact area between fluid A and fluid B decreases as
the contact angle increases. The principle is similar to the solid-liquid contact angle.

4 Model Validation

To validate the simulation of stratification process, Li et al. [15] carried out experiments
similar to the dam break case. Two immiscible fluids, silicone oil and salt water, were
chosen, and the density and viscosity of the two fluids could be adjusted. At the initial
time, the baffle plate of the two liquids was removed and then the stratified flow process
of the two liquids over timewas recorded. The experimental schematic diagram is shown
in Fig. 6.

The comparison between the results simulated byMPSmethod and the experimental
results under the same conditions is shown in Fig 7.

It shows that the silicon oil with a lighter density flowed to the top of the salt water.
Thefluids flowquickly in the first 5s, because the pressure gradient of the fluid interface is
larger. During the time after the fifth second, the fluid shape varied slowly and gradually
reached steady state at 30 s. The density difference between fluids is the essential reason
of stratification and the viscosity affects the time to steady state. The addition of the
surface tension model makes the fluid interface smoother and more consistent with the
actual situation.
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Fig. 5. Numerical results of droplet behavior with different fluid-to-fluid interface angle

Fig. 6. Experiment container for stratification of two fluid columns
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Fig. 7. Side views of experiment (left), MPS without surface tension (middle) and MPS with
surface tension (right)

5 Conclusions

The surface tension model based on potential function is added to the original MPS
method and is extended to calculate the liquid-liquid interface in a way similar to solid-
liquid contact angle. The new program is verified by a dam break case, and the surface
tensionmodel is verifiedby the cases of droplet oscillation, droplet on solidwall andfloat-
ing droplet. Finally, the ability of the improved program is validated by a stratification
experiment similar to the dam break experiment.

Density stratification is an important process of molten pool formation in severe
accident analysis. The research in this paper can lay a foundation for the analysis of
molten pool process in future.

Acknowledgements. Thanks for the support of ‘National Key R&D Program of China’. (Project
No. 2018YFB1900100).



296 L. Jian et al.

References

1. TEPCO, Fukushima Daiichi Nuclear Power Station Unit 2 Primary Containment Vessel
Internal Investigation (2018). Accessed 14 Dec 2020

2. Tsurikov, D.F., Strizhov, V.F., Bechta, S.V., Zagriazkin, V.N., Kiselev, N.P.: MainResults of
the MASCA1 and 2 Projects. RRC Kurchatov Institute (2007)

3. Li, G.,Wen, P., et al.: Study onmelt stratification andmigration in debris bed using themoving
particle semi-implicit method. Nucl. Eng. Des. 360, 110459 (2020)

4. Suh, K.Y., Henry, R.E.: Debris interactions in reactor vessel lower plena duringa severe
accident I. Predictive model. Nucl. Eng. Des. 166, 147–163 (1996)

5. Gauntt, R.O., et al.: MELCOR Computer Code Manuals. Version 1.8.6. SandiaNational
Laboratories, Albuquerque (2005)

6. Tran,C.T.,Dinh,T.N.: Theeffectiveconvectivitymodel for simulationofmeltpool heat transfer
in a light water reactor pressure vessel lower head. Part I:physical processes, modeling and
model implementation. Prog. Nucl. Energy 51, 849–859 (2009)

7. Mancilla, E., Palacios-Muñoz, A., Salinas-Vázquez, M., Vicente, W., Ascanio, G.: A Level
Set method for capturing interface deformation in immiscible stratified fluids. Int. J. Heat
Fluid Flow 76, 170–186 (2019)

8. O’Brien, A., Bussmann, M.: A moving immersed boundary method for simulating particle
interactions at fluid-fluid interfaces. J. Comput. Phys. 402, 109089 (2020)

9. Koshizuka, S., Oka, Y.: Moving particle semi-implicit method for fragmentation of incom-
pressible fluid. Nucl. Sci. Eng. 123, 421–434 (1996)

10. Li, G., Gao, J., et al.: A review on MPS method developments and applications in nuclear
engineering. Comput. Methods Appl. Mech. Eng. 367, 113166 (2020)

11. Brackbill, J.U., Kothe, D.B., Zemach, C.: A continuummethod for modeling surface tension.
J. Comput. Phys. 100(2), 335–354 (1992)

12. Shirakawa, N., Horie, H., Yamamoto, Y., Okano, Y., Yamaguchi, A.: Analysis of jet flows
with the two-fluid particle interaction method. J. Nucl. Sci. Technol. 38(9), 729–738 (2001)

13. Kondo, M., Koshizuka, S.: Improvement of stability in moving particle semiimplicit method.
Int. J. Numer. Meth. Fluids 65(6), 638–654 (2011)

14. Martin, J.C., Moyce, W.J.: Part IV: an experimental study of the collapse of liquid columns
on a rigid horizontal plane. Phil. Trans. Roy. Soc. AMath. Phys. Eng. Sci. 244(882), 312–324
(1952)

15. Li, G., Oka, Y., Furuya, M., et al.: Experiments and MPS analysis of stratification behavior
of two immiscible fluids. Nucl. Eng. Des. 265, 210–221 (2013)

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.

http://creativecommons.org/licenses/by/4.0/


A Multi-state Degradation Model for Reliability
Assessment of Multi-component Nuclear Safety
Systems Considering Degradation Dependency

and Random Shocks

Qingzhu Liang1, Changhong Peng1(B), Hang Zhang2, and Jianchao Lu2

1 University of the Science and Technology of China, Hefei, Anhui, China
pb142140@mail.ustc.edu.cn, pengch@ustc.edu.cn

2 Nuclear Power Institute of China, Chengdu, Sichuan, China

Abstract. The degradation (e.g., wear, stress corrosion cracking, and fatigue) of
nuclear safety systems is an inherently irreversible process, which will lead to
system failure when the accumulated damage reaches a threshold level, resulting
in catastrophic consequences. Therefore, it is essential to understand and model
the degradation behavior of nuclear safety systems to predict and prevent potential
failures and thus effectively avoid subsequent losses. This paper proposes a multi-
state degradation model for multi-component nuclear safety systems, considering
the dependency among the degradation processes and the effect of random shocks.
The degradation processes of the system were modeled by the Semi-Markov pro-
cess. The arrival of random shocks obeys a Poisson process. The transfer kernel
function of the holistic model was derived, based on which the Monte Carlo algo-
rithm for estimation of the system reliability was developed. Based on a simple
case, the correctness of the proposed model is verified. The model is applied to
the reliability analysis of one sub-system of the residual heat removal system of a
nuclear power plant.

Keywords: Degradation Modeling · Semi-Markov Process · Multi-component
Systems · Monte Carlo Simulation

1 Introduction

For nuclear safety systems that are typically designed for high reliability, traditional
approaches based on time-to-failure data may be inapplicable, and degradation mod-
els that can take advantage of the wealth of the infrastructure health information have
received widespread attention and impetus in several decades [1].

The multi-state models (MSMs) have been widely used in degradation modeling,
including the Markov process and its extended version Semi-Markov process. Fleming
et al. [2] developed a generalized 4-state Markov model for nuclear power plant (NPP)
piping systems applicable to different degradation mechanisms such as wall thickness
thinning and weld defect growth. Unwin et al. [3] proposed a multi-state physic model
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(MSPM) for a dissimilar metal weld in a primary coolant system of anNPP. Giorgio et al.
[4] presented an age- and state-dependent Markov model to describe the cylinder liner
wear process in a marine heavy-duty diesel engine. Moghaddass and Zuo [5] studied a
nonhomogeneous continuous-time hidden Semi-Markov process for holistic modeling
of the degradation and observation processes.

Random shocks may influence degradation evolution and require to be accounted
for. For example, the impacts of thermal and mechanical shocks (e.g., internal thermal
shock and water hammer) [6–8] on power plant components can result in increases in
temperature and stress, which could accelerate component degradation. In the literature,
random shocks are generally modeled by Poisson processes [8–11], mainly divided into
two categories, extreme shocks that directly lead the system to fail and cumulative shocks
that cause an additional instantaneous increase in the degradation degree of the system
cumulatively. Lin et al. [8, 9] analyzed the effect of the random shocks on the transition
rates of MSMs and the possibility that the component degrades instantaneously from the
current state to a more “deteriorated” state. Similar considerations can be found in the
performance analysis by Srivastav et al. [10] for subsea safety valves, where the device
degradation was modeled as a Markov chain, and the device demand was considered
as random shocks. Yang et al. [11] assumed that the shock arrival rate is dependent
on the current state of the system, and a shock would result in a sudden change in the
system state. Eryilmaz [12] suggested that a shock is extreme when its load exceeds the
threshold level and considered the randomness of the number of system states induced
by random shocks.

Most of these models mentioned above, however, are based on a single degradation
process.Nuclear safety systems are usually complex collections of different kinds of con-
stituent units, exhibiting the phenomenon of multiple degradation processes that may be
correlated and have competitive/non-competitive relationships. In addition, few studies
have considered both dependency among multiple degradation processes and depen-
dency between degradation processes and random shocks. In this paper, we develop a
holisticmulti-state degradationmodel for nuclear safety systemswith considering degra-
dation dependency and random shocks. TheMonte Carlo (MC) algorithm for estimating
the system reliability indexes was presented. The validity and applicability of the models
were demonstrated by a numerical example. The remainder of the paper is structured as
follows, Sect. 2 presents the framework of the model, Sect. 3 gives the model validation,
Sect. 4 provides the application of the model, and Sect. 5 gives some conclusions.

2 Model Framwork

2.1 Assumptions

– The system has L components, each of which may subject multiple degradation pro-
cesses/mechanisms. Denote by M = {1, · · · ,M } the degradation processes of the
system.

– Thedegradationprocessn ∈ M canbemodeledby a time-homogeneousSemi-Markov
process (SMP) {Xn(t); t ≥ 0} on a discrete state space SXn = {0, 1, · · · , sn}, where sn
is the perfect functioning state and 0 is the failure state. The transition rate λin,jn

(
τin

)
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of Xn(t) from state in to state jn is a function of the sojourn time in the current state in
since the last transition of the process, i.e.,

λin,jn
(
τin

)

= lim
�t→0

P
(
Xn,k+1 = jn,Tn,k+1 ∈ [

Tn,k,Tn,k + τin + �t
]

|{Xn,l,Tn,l
}k−1
l=0 ,

(
Xn,k = in,Tn,k

))
/�t

= P
(
Xn,k+1 = jn,Tn,k+1 ∈ [

Tn,k,Tn,k + τin
]|(Xn,k = in,Tn,k

))
/�t

(1)

where Tn,k and Xn,k are the time and the arrival state of the kth jump of Xn(t).

– The arrival of random shocks is governed by a homogeneous Poisson process
{N (t); t ≥ 0} with parameter μ.

– A shock could cause the degradation process Xn(t) to transfer instantaneously with
probability pin,jn from the current state in to the state jn ≤ in. Note pin,0 that denotes
the probability of the extreme shock.

– Considering repair, the system can recover from a “worse” to a “better” state except
from the failed state.

2.2 Multi-state Model Considering Multiple Dependent Degradation Processes
and Random shocks

Let X(t) = (X1(t), · · · ,XM (t)), then X(t) is a stochastic process on an n-dimensional
discrete state space SX = SX1 × · · · × SXM , whose failure space FX is dependent on
the structure of the system and can be determined with the help of fault tree analysis
or reliability block diagram. The correlation among degradation processes will have an
impact on the evolution of Xn(t), n ∈ M. Assume that the transition rate of Xn(t) from
the current state in is correlated with the state of X(t) during the sojourn time of Xn(t)
in the current state in. It may be hypothesized that Xn(t) jumps to state jn at time t after
sojourning τin in the current state in since the last transition, then the transition rate can
be expressed as

λin,jn

(
τin |{X(τ )}tτ=t−τin

)
(2)

The state transition diagram of the system is shown in Fig. 1. We assume no simul-
taneous state mutation of any two degradation processes will occur. Given that the
kth transfer of X(t) occurs at time t to reach state xi = (i1, · · · , in, · · · , iM ) and the
sojourn times of X1(t), · · · ,XM (t) in states i1, · · · , iM at time t are τ ti1, · · · , τ tiM and

the states of X(t) on the time interval
[
t − τ tmax, t

]
(τ tmax = max

{
τ ti1 , · · · , τ tiM

}
) are

{X(τ )}t
τ=t−τ tmax

, and let, the transition rate of the process X(t) from the current state xi
to xj = (i1, · · · , jn, · · · , iM ) is

λxi,xj
(
τxi |θ(t)

) =
= λin,jn

(
τ tni + τxi |{X(τ )}tτ=t−τin

)

θ(t) =
(
τ ti1 , · · · , τ tiM , {X(τ )}t

τ=t−τ tmax

) (3)
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where τxi is the sojourn time of X(t) in current state xi.

Fig. 1. The state transition diagram of the system

Fig. 2. The multi-state model of the system considering random shocks

Construct the stochastic process.XS(t) = (X(t),N (t))., the state space and failure
space of XS(t). Are SXS = SX ×N and, respectively. The multi-state model considering
multiple dependent degradation processes and random shocks is shown in Fig. 2.

Given that the kth transfer of XS(t). Occurs at time t to reach state
(xi = (i1, · · · , in, · · · , iM ), s) and the sojourn times of X1(t), · · · ,XM (t) in states
i1, · · · , iM at time t are τ t1i , · · · , τ tMi

and the states of X(t) on the time interval[
t − τ tmax, t

]
are {X(τ )}t

τ=t−τ tmax
, the possible transition rates of the process from the

current state (xi, s) include

λ(xi,s),(xj,s)

(
τ(xi,s)|θ(t)

) = λin,jn
(
τ tni + τ(xi,s)|θ(t)

)
(4)

the rate of occurrence of X(t) jumping to state xj = (i1, · · · , jn, · · · , iM );

λ(xi,s),(xi,s+1)
(
τ(xi,s)|θ(t)

) = μ

M∏

n=1

pin,in (5)
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the rate of occurrence of a shock which doesn’t cause the state change of X(t);

λ(xi,s),(xj,s+1)

(
τ(xi,m)|θ(t)

) = μ

M∏

n=1

pin,jn (6)

the rate of occurrence of a shock which causes X(t) to go to state xj =
(i1, · · · , jn, · · · , iM ) �= xi.

Obtaining analytical solutions of the Semi-Markov processXS(t)with complex state
transition rates related to the state of the process at some time in the past and the sojourn
time in the current state is a complicated task. The integral/differential equations describ-
ing the evolution of the system states over time formulti-component systemswith depen-
dent degradation processes may be challenging to develop. The number of the equations
is usually extensive, which demands high computational resource requirements. Monte
Carlo (MC) simulation is an effective way to overcome the above challenges and has
been widely used in system reliability analysis studies [13–15].

In the following we derive the transfer kernel function of XS(t) for MC simulation,
which is denoted byQS

(xi,s),(xj,m)

(
τ(xi,s)|θ(t)

)
and represents the probability of thatXS(t)

go to state
(
xj,m

)
during infinitesimal time interval

[
t + τ(xi,s), t + τ(xi,s) + dτxi

]
, given

that the kth transfer ofXS(t) occurs at time t to reach state (xi = (i1, · · · , in, · · · , iM ), s)
and the condition θ(t). Satisfies:

QS
(xi,s),(xj,m)

(
τ(xi,s)|θ(t)

)
dτ(xi,s) = P(xi,s)

(
τ(xi,s)|θ(t)

) · λ(xi,s),(xj,m)

(
τ(xi,s)|θ(t)

)
dτ(xi,s)

(7)

where P(xi,s)
(
τ(xi,s)|θ(t)

)
is the probability of that there is no transition of XS(t) during

time interval
[
t + τ(xi,s), t + τ(xi,s)

]
, given that the kth transfer of XS(t) occurs at time t

to reach state (xi = (i1, · · · , in, · · · , iM ), s) and the condition θ(t). P(xi,s)
(
τ(xi,s)|θ(t)

)

satisfies

P(xi,s)
(
τ(xi,s) + dτ(xi,s)|θ(t)

) = P(xi,s)
(
τ(xi,s)|θ(t)

) · (
1 − λ(xi,s)

(
τ(xi,s)|θ(t)

))
dτ(xi,m)

(8)

λ(xi,s)
(
τ(xi,s)|θ(t)

) =
∑

xj

λ(xi,s),(xj,m)

(
τ(xi,s)|θ(t)

)
(9)

The solution of Eq. (9) is

P(xi,s)
(
τ(xi,s)|θ(t)

) = exp

(

−
τ(xi ,s)∫

0
λ(xi,s)

(
τ(xi,m)|θ(t)

)
du

)

(10)

Then, we have

QS
(xi,s),(xj,m)

(
τ(xi,s)|θ(t)

) = π(xi,s),(xj,m)

(
τ(xi,s)|θ(t)

) · ψτ(xi ,s)

(
τ(xi,s)|θ(t)

)
(11)

π(xi,s),(xj,m)

(
τ(xi,s)|θ(t)

) = λ(xi,s),(xj,m)

(
τ(xi,s)|θ(t)

)

λ(xi,s)
(
τ(xi,s)|θ(t)

) (12)
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ψτ(xi ,s)

(
τ(xi,s)|θ(t)

) = λ(xi,s)
(
τ(xi,s)|θ(t)

) · exp
(

−
τ(xi ,s)∫

0
λ(xi,s)(u|θ(t))du

)

(13)

According toEq. (11) toEq. (13),we can implement theMCsimulation procedure for
the system as follows: repeatedly usingψτ(xi ,s)

(
τ(xi,s)|θ(t)

)
and π(xi,s),(xj,m)

(
τ(xi,s)|θ(t)

)

to sample the sojourn time τ(xi,s) and the arrival state
(
xj,m

)
, until the cumulative sojourn

time reaches the preset task time or the system enters the failure space. Algorithm 2.1
provides the procedure to sample τ(xi,s) and

(
xj,m

)
. Algorithm 2.2 presents the MC

simulation procedure for the system.

Then, the estimation of the state probability vector P̂(t) = (
p̂1(t), . . . , p̂N (t)

)
at time

t is

P̂(t) = 1

Nmax

(
n1,t, . . . , nNX ,t

)
(14)

where
{
ni,t |i = 1, . . . ,NX, t ≤ T

}
is the total number of visits to state xj ∈ SX by time

t, NX is the total number of states in SX . The sample variance of p̂i(t) is defined as

varp̂i(t) = 1

Nmax − 1
p̂i(t)

(
1 − p̂i(t)

)
(15)
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Then, the reliability function of the system is

R(t) = 1 −
∑

i∈FX

p̂i(t) (16)

3 Model Validation Based on a Simple Case

Fig. 3. Degradation models for validation calculation

We selected a simple system with 2 degradation processes (as shown in Fig. 3) for
model validation. The correctness of the model is verified by comparing the computa-
tional results of the model with the results estimated using the analytic formulations of
the functioning states of the system derived subsequently.

We assume that sojourn times in the functioning state of X1(t) and X2(t) obey expo-
nential andWeibull distributions, respectively. The transition rate λij ofX1(t) is constant.
The degenerate evolution ofX2(t) is influenced by the state ofX1(t). SupposeX2(t) jumps
to state j at time t after a sojourn of τ in state i, and the parameters of the distribution
of the state sojourn time of X2(t) under the state k of X1(t) are

(
αk , βk

)
. Given the state

set of X1(t) on time interval (t − τ, t) is
{
k; k ∈ S

′
X1

⊂ SX1
}
, the transition rate of X2(t)

is assumed as

λ
2
ij(τ ) = α2

(
β
2
ij

)α2

τα2−1 (17)

α2 =
∑

k∈S ′
X1

αk

Nk
, β

2
ij =

∑

k∈S ′
X1

βk

Nk
(18)

where Nk is the state number of S
′
X1
.

The probability model [9, 10] for a shock leading to a sudden transition in the state
of X1(t) or X2(t) is

pxij = 9 × 0.1(i−j+1)

1 − 0.1(i+1)
, i ≥ j, x = 1, 2 (19)



304 Q. Liang et al.

The model satisfies
0∑

j=i
pxij = 1.

Given that X1(t) state i1 and X2(t) state i2 at time s, the probability that X1(t) and
X1(t) do not experience a sudden state change caused by random shocks on the time
interval [s, s + u] is

ϕ(i1,i2)(u) =
∞∑

n=0

(
p1i1,i1

)n(
p2i2,i2

)n (μu)n

n! e−μu = e
−μu

(
1−p1i1,i1

p2i2,i2

)

(20)

Suppose X1(0) = 2 and X2(0) = 1, and use P(i1,i2)(t) to denote the probability that
the system is in state (i1, i2) at time t. For X1(t) and X2(t) to be in the initial state at
time t, the 2 degradation processes should be free of state transfers due to degradation
or random shocks, then we have

P(2,1)(t) = e−λ21te−(
β2t

)α2
ϕ(2,1)(t) (21)

Define η2 = min{δ2, τ1}, where δ2 is the sojourn time of X1(t) in state 2 considering
the effect of random shocks, and τ1 is the time interval from t = 0 when no transfer of
X2(t) from the initial state 1 caused by random shocks occurs. The probability density
function (PDF) of η2 is

g(u) = λ21e−λ21uϕ(2,1)(u)

+e−λ21u
∑∞

n=1

(
p122

)n−1
p121

(
p211

)n (μu)n−1

(n−1)! μe−μu = (
λ21 + μp121p

2
11

)

·e−(
μ

(
1−p122p

2
11

)+λ21
)
u

(22)

Assume that X1(t) transfers from state 2 to state 1 at time u and X2(t) is in initial
state 1 at this time, let ρu = min

{
δu,1, δu,2

}
, where δu,1 and δu,2 denote the sojourn times

in the current states since time u for X1(t) and X2(t), respectively. Without considering
the effect of random shocks, ρu has the cumulative distribution function (CDF)

Fρu(x) = 1 − exp

(
− x∫

0

(
λ10 + α

(
β
)α

(v + u)α−1
)
dv

)
(23)

where α = (
α2 + α1

)
/2, β = (

β2 + β1
)
/2.

Then we have

P(1,1)(t) = t∫
0
g(u)e−(

β2u
)α2 · (

1 − Fρu(t − u)
)
ϕ(1,1)(t − u)du (24)

Based on the parameters in Table 1, the functioning state probabilities of the sys-
tem calculated using the model are shown in Fig. 4, where the results calculated using
Eqs. (21) and (24) are also presented. A quantitative comparison of the results shows
a high degree of agreement between the results using the model and the analytical
formulas, with relative errors below 6%, indicating the correctness of the model.
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Table 1. Parameters for model validation

Parameter Value

λ21 1.0E–3/h

λ10 1.0E–3/h

β0 1.0E–4/h

β1 1.0E–4/h

β2 1.0E–4/h

αk 2.0

μ 1.0E–4/h

Fig. 4. Probabilities of functioning states estimated with different methods

4 Numerical Example

The model is applied to one sub-system of the residual heat removal system (RHRS) of
a nuclear power plant [9]. The system consists of a centrifugal pump and a pneumatic
valve in series, as shown in Fig. 5.

Fig. 5. A Subsystem of RHRS, consisting of a centrifugal pump and a pneumatic valve
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4.1 Degradation Modeling

Table 2. Model parameters

Parameter Value

β1
32 5.0E–3/h

β1
21 5.0E–4/h

β1
10 5.0E–5/h

α1 2.0

β
2,3
21 1.0E–4/h

β
2,2
21 1.5E–4/h

β
2,1
21 3.0E–4/h

β
2,0
21 1.0E–4/h

β
2,3
10 1.0E–5/h

β
2,2
10 1.5E–5/h

β
2,1
10 3.0E–5/h

β
2,0
10 1.0E–5/h

α2k 2.0

μ 1.0E–4/h

The pump’s performance will deteriorate if wear, corrosion, or erosion occurs to the
parts that comprise the pump. The primary degradation mechanism of the valve is the
external leakage due to corrosion at the actuator and bottom pneumatic port connection.
We assumed that the pump’s performance could be divided into four mutually exclusive
levels, and there are three states for the valve. Let X1(t) denote the degradation level
of the pump by time t, with a state space SX1 = {0, 1, 2, 3} where 3 is the perfect
functioning state and 0 is the failure state. Let X2(t) denote the degradation level of the
valve by time t, with a state space SX2 = {0, 1, 2}where 2 is the perfect functioning state
and 0 is the failure state. The multi-state models describing the degradation process of
the pump and valve are shown in Fig. 6, where λ1ij(τ ) and λ1ij(τ ) denote the derogation
transition rates of the pump and valve associated with the sojourn time τ in the current
state, respectively.

The state space of the process X(t) = (X1(t),X2(t)) is SX =
{(0, 0), (1, 0), (2, 0), (3, 0), (0, 1), (1, 1), (2, 1), (3, 1), (0, 2), (1, 2), (2, 2), (3, 2)}.
The failure state space is FX = {(0, 0), (1, 0), (2, 0), (3, 0), (0, 1), (0, 2)}.

We assumed that the sojourn time τ in the current state i of Xn(t), n = 1, 2 before
the process jumps to state i-1 follows theWeibull distribution. We take the shape param-
eter α > 1 to consider the increase of the component degradation transition rate with
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Fig. 6. Degradation models for the pump and valve

the growth of the sojourn time, namely, the aging effect. Then the transition rates of
Xn(t), n = 1, 2 are

λxi (τ ) = αx(βx
ii−1

)αx

ταx−1, x = 1, 2 (25)

The dependency of the two degradation processes is that the pump degradation will
vibrate, causing the valve to vibrate, which accelerates the external leakage process of
the valve. The assumption on the transition rate of (Eq. (17)) is used again. Furthermore,
the shock impact model (Eq. (19)) in Sect. 3 is applied.

The degradation transition rates could be evaluated from degradation/failure data
from historical field collection. The transition rates associated with maintenance tasks
could be estimated from the data on maintenance activities. For example, for the pump,
the parameters of the postulated distribution of state transition times can be estimated by
statistics of the state transition times of numerous identical or similar pumps using the
method of maximum likelihood or Bayesian estimation. The optimal distribution could
be selected by the goodness-of-fit hypothesis test. Correspondingly, the state transition
rates of the pump are obtained. Due to the lack of data, we assumed themodel parameters
as presented in Table 2 for the illustrative calculations.

4.2 Results and Analysis

Let the number of simulations be taken as 1E4, 1E5, and 1E6, respectively, and we
estimate the reliability of the system over [0, 13176 h] (18 months, a typical nuclear
plant refueling cycle), as shown in Fig. 7, which tends to stabilize when reaches 1E5.

The time-dependent probabilities of functioning states of the system are shown in
Fig. 8. In many trials, the system jumps out of the initial state (3, 2) in a very short
time, so the probability of this state drops quickly (at about t = 52 h) to 0. Due to the
degradation of the pump and valve, the probabilities of the other functioning states go
through an increasing phase and then a decreasing phase.

The reliability of the system, the pump, and the valvewith/without random shocks are
estimated, as shown in Fig. 9. Furthermore, the numerical comparisons on the reliabilities
at t = 13176 h are provided in Table 3. The results reveal that ignoring random shocks
will lead to an overestimation of the reliability of the system and the components.
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Fig. 7. System reliability estimated with different Nmax

Fig. 8. Probabilities of functioning states of the system

Figure 10 presents the reliability of the system, the pump, and the valve with/without
degradation dependency. Table 4 gives the numerical comparisons on the reliabilities
at t = 13176 h. Neglecting degradation dependency will result in an overestimation
of the reliability of the system and the valve. Since the degradation process of the
pump is independent of the degradation level of the valve, the reliabilities of the pump
with/without degradation dependency are equal.
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Fig. 9. The reliability of the system, the pump, and the valve without/with random shocks

Table 3. Reliability with/without random shocks at t = 13176 h

Without random shocks With random shocks Relative change

System 0.6869 0.5758 16.17%

Pump 0.7325 0.6557 10.48%

Valve 0.9470 0.8778 7.31%

Fig. 10. The reliability of the system, the pump, and the valve without/with dependency
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Table 4. Reliability with/without dependency at t = 13176h

Without dependency With dependency Relative change

System 0.6222 0.5758 7.46%

Pump 0.6557 0.6557 0%

Valve 0.9447 0.8778 7.08%

5 Conclusions

In this paper, a multi-state degradation model for reliability assessment of multi-
component nuclear safety systems is proposed, accounting for the dependency between
degradation processes and random shocks. The degradation process of the system is
modeled by the Semi-Markov process, and the random shocks are modeled by the Pois-
son process. Degradation dependency is modeled explicitly in the transition rates of the
integrated degradation process of the system. The transfer kernel function of the holistic
model for Monte Carlo simulation is derived. Based on a simple case, the correctness
of the proposed model is verified by comparing the system state probabilities estimated
using the proposed model and the analytical solution, respectively. The model is applied
to the reliability analysis of one sub-system of the RHRS of a nuclear power plant.

The present model uses relatively simple models for the effects of random shocks
and maintenance. In future work, more realistic and complex models for the effects of
random shocks and maintenance will be investigated.
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Abstract. The alkali metal heat pipes are the critical heat transfer elements in heat
pipe cooled reactors. However, there are instabilities in heat pipes such as geyser
boiling, resulting in temperature oscillation and even threatening the reactor safety.
Thiswork developed a coupled neutronic and thermal-mechanical analysismethod
to analyze the effects of geyser boiling and heat pipe temperature oscillations on
the critical parameters, e.g., temperature and stress, during reactor operation. The
megawatt heat pipe reactor MegaPower was chosen as an application case. The
simulations show that the heat pipe temperature oscillation leads to the same
frequency oscillation of the temperature and stress in the solid-state core. Besides,
the temperature amplitudes are significantly reduced by shortening the oscillation
period. Reducing the oscillation period from 60 s to 15 s reduced the temperature
amplitude of the fuel pellet center from 22°C to 5°C. Furthermore, the stress
oscillation in the core may lead to material fatigue or even failure for a long period
of operation, which is highly undesired. This work can provide valuable data and
references for the safety design of heat pipe reactors.

Keywords: heat pipe cooled reactor · geyser boiling · temperature oscillation

1 Introduction

The heat pipe cooled reactor is characterized by a simple system, high reliability, passive
heat transfer, and a high operating temperature. There is a wide range of potential appli-
cation scenarios in the field of micro-nuclear power in extreme environments such as
deep space, deep sea, and deep earth [1–4]. In heat pipe reactors, alkali metal heat pipes
are the critical heat transfer elements. Heat is transferred efficiently through these heat
transfer elements based on latent heat. Additionally, capillary force drives the internal
medium into continuous phase transitions. Therefore, heat pipes have high heat transfer
performance [5], isothermal performance [6], and thermal response speed [7]. Due to
their excellent heat transfer capabilities, heat pipes have been widely used in waste heat
recovery [8–10], nuclear reactor power [11–14], and residual heat removal [15, 16].
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In general, heat pipes provide a high level of robustness and repeatability. Many
steady-state and transient analyses have demonstrated the high level of safety and relia-
bility of the heat pipe reactor. For example, Poston et al. [17] described the design and
analysis of the SAFE-400 reactor. They analyzed heat pipe failure scenarios and pointed
out that the SAFE-400 was designed with a considerable thermal margin under nominal
operating conditions. Li et al.[18] developed a transient analysis code SNPS-FTASR to
study the transient response of HP-STMCs core on reactivity-insertion accident tran-
sient and a heat pipe failed transient. The simulation showed that the HP-STMCs core
was safe at transient states including reactivity-insertion accidents and a heat pipe fail-
ure. Ma et al. [12] also conducted the transient heat pipe failure accident analysis of
the MegaPower reactor. Their results showed that the operating conditions far from the
failure area were little affected.

However, heat pipes can experience a particular unstable phenomenon, known as
geyser boiling, which leads to temperature oscillations in heat pipes. Murphy [19]
described the geyser boiling phenomenon as the rapid expulsion of a boiling liquid
and its vapor from a vertical heat pipe and mentioned that geyser boiling behavior can
be affected by many factors. Lin et al. [20] experimentally studied the influence of
heating power, condenser temperature, liquid charge ratio, and evaporator length on
water and ethanol geyser boiling. Ma et al. [21] mainly considered the geyser boiling in
sodium heat pipes at near-horizontal inclination angles. They found that the evaporation
pulsation was up to 80 °C in the operating temperature range of 600 °C–700 °C.

In a heat pipe cooled reactor, alkali metal heat pipes are closely related to the reactor
operation. During geyser boiling, the heat pipe’s temperature oscillates, which inevitably
affects the core’s operation status. However, previous studies of reactor safety have
barely considered the instability of heat pipe temperature oscillations. Meanwhile, in
reactor design, safety is an absolute priority and extremely strict. Therefore, further
investigations on the effects of heat pipe temperature oscillations are essential.

In the present work, a coupled neutronic and thermal-mechanical model was devel-
oped to study the effects of geyser boiling and temperature oscillations on the thermal-
mechanical performance of the reactor core. The sensitivity analysis of the oscillation
period was also conducted.

2 Methodology

Figure 1 shows themodel relationship, developed in thiswork,whichmainly includes the
heat pipe heat transfer model, neutronic point kinetics model, neutron transport model,
and core zonal multi-channel thermal-mechanical model. The neutronic point kinetics
model determines the total power with the neutron transport simulation to obtain the
relative power distribution. The power is transferred as a volumetric heat source to the
core zonal multi-channel thermal-mechanical model to determine the temperature field
and force field of the heat pipe, fuel, monolith, and other components, and fed back to
the neutronic point kinetics model via reactivity feedback.
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These models are discussed in detail in the following sections.

Core zonal multi-
channel thermal-
mechanical model

Heat pipe model

Single channel heat 
transfer model

Single channel 
mechanical model

±

Point kinetics 
model

Reactivity 
insertion

Reactivity 
feedback

Steady-state Neutron 
transport

Total power

Relative power distribution

Fig. 1. Coupled neutronic and thermal-mechanical model

2.1 Point Kinetics Model

Apoint kinetics model is used to determine the fission power. The standard point kinetics
model is used with six groups of delayed neutrons to calculate the core fission power as:

dN (t)

dt
= ρ(t) − β(t)

�(t)
N (t) +

d∑

i=1

λiCi(t)

∂Ci(t)

∂t
= β i(t)

�(t)
N (t) − λiCi(t) (1)

where N (t) is the approximate neutron density of each energy group, t is the time,
ρ is the reactivity, βi is the fraction of effective delayed neutrons, � is the neutron
generation time, λi is the decay constant of the delayed neutrons, and Ci is the delayed
neutron precursor concentration. The Monte Carlo program RMC is used to determine
the dynamics parameters in Eq. (1).

2.2 Reactivity Feedback Model

The Doppler effect and thermal expansion are the primary mechanisms for reactivity
feedback. Besides, in the heat pipe cooled reactor, the heat pipe two-phase working
fluid is impacted by the operating temperature, introducing a reactivity temperature
coefficient. Therefore, the reactivity feedback equation can be written as:

ρ(t) = ρext + ρfeedback

= ρext + αf,D ln
(
Tf/T

0
f

)
+ αf,G

(
Tf − T 0

f

)

+ αM,D ln
(
TM/T 0

M

)
+ αM,G

(
TM − T 0

M

)

+ αR,D ln
(
TR/T 0

R

)
+ αR,G

(
TR − T 0

R

)
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+ αHP

(
THP − T 0

HP

)
(2)

where T and T 0 are the average temperature and the reference temperature. Subscripts f,
M, R and HP refer to the fuel, the monolith, the reflector, and the heat pipe, respectively.
Subscripts D and G refer to the Doppler reactivity coefficient and geometric reactivity
coefficient.

2.3 Zonal Multi-channel Thermal-Mechanical Model

Temperature changes can lead to changes in geometric parameters such as radius and air
gap thickness and material properties such as density. These changes, in turn, affect the
temperature distribution in the core. Therefore, thermal-mechanical coupled analyses
are essential for heat pipe cooled reactors. To simplify this coupling problem, the core is
divided into several zones, and each zone is further divided into several channels. Each
channel’s thermal and mechanical models are constructed and then coupled.

2.3.1 Heat Transfer Model in a Single Channel

A hexagonal single heat transfer unit, as illustrated in Fig. 2, can be extracted from a
typical heat pipe cooled reactor and contains a heat pipe, its adjacent monolith, and
fuel rods. Each unit is then modeled as a single channel based on volume equivalence.
Figure 2 depicts the modeled single channel with control volumes separated axially. The
heat pipe is in the middle with layers for the heat pipe wall, monolith, helium gap, and
fuel. The heat conduction equation in the radial direction in cylindrical coordinates is:

ρici
∂Ti
∂t

= 1

r

∂

∂r

(
λir

∂Ti
∂r

)
+ φ̇i (3)

where the subscript i represents the various structures such as the monolith, helium gas
gap, fuel, or heat pipe wall; ρ is the density; c is the specific heat; λ is the thermal
conductivity; T is the material temperature, and φ̇ is the power density including the
fission heat source and the radial thermal conduction between components.

The boundary conditions have continuity of the temperature and heat flux at the
contact surfaces of the walls. The outer channel wall, which corresponds to the fuel
pellet center, is assumed to be adiabatic due to symmetry.

Gas gap

Heat pipe

Fuel

Monolith
Gas gap

Equivalent 
modeling

Monolith

Fuel

Heat pipe wall
Heat pipe

Single channel Cross section of single channel

Fig. 2. A fuel assembly and its single-channel model
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This modeling changes the geometry of the air gap and the fuel, which affects the
thermal resistance and temperature distribution. Therefore, according to the conservation
conditions of heat flowand the principle of equivalencewith thermal resistance, a thermal
conductivity correction is introduced to correct the heat transfer results:

⎧
⎪⎪⎨

⎪⎪⎩

λ′
f = kfλf =

φ̇
4

(
r2f,o−r2f,i

)
− φ̇

2 r
2
f,i ln

(
rf,o
rf,i

)

φ̇
4λf

r2f
=

(
r2f,o−r2f,i

)
−2r2f,o ln

(
rf,o
rf,i

)

r2f
λf

λ′
g = kgλg = 6 ln(rg,o/rg,i)/(2πL)

3 ln((rf+2rg)/rf)/(2πLλg)
= 2 ln(rg,o/rg,i)

ln((rf+2rg)/rf)
λg

(4)

where λ is the thermal conductivity, and k is the correction factor. Subscripts f and g
refer to the fuel and gas gap. L is the axial height. r is the radius. Subscripts o and i refer
to the outer and inner radius, respectively.

2.3.2 Mechanical Model in a Single Channel

The mechanical model unit is extracted according to the repeating geometric layout of
the heat pipe reactor, which differs from the heat transfer model in that the fuel is located
in the center and the monolith surrounds it, as shown in Fig. 3.

Fig. 3. Mechanical model

Basic assumptions such as generalized plane strain assumption, continuity assump-
tion, and quasi-static assumption are introduced [22], then the balance equation,
geometric equation, and constitutive equation are as follows:

∂σr

∂r
+ σr − σθ

r
= 0 (5)

⎧
⎨

⎩

εr = ∂u
∂r

εθ = u
r

εz = ∂w
∂z = const

(6)

⎧
⎨

⎩

εr = εer + εα
r + εier = 1

E (σr − μ(σθ + σz)) + εα
r + εier

εθ = εeθ + εα
θ + εieθ = 1

E (σθ − μ(σr + σz)) + εα
θ + εieθ

εz = εez + εα
x + εiez = 1

E (σz − μ(σr + σθ )) + εα
z + εiez

(7)

where σ is principal stress and ε represents the strain. Subscripts r, θ and z refer to the
radial, circumferential, and axial terms, respectively. εe, εα and εie are the elastic strain,
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thermal expansion strain, and other inelastic strains. u and w are the radial and axial
displacements, respectively; μ is Poisson’s ratio, and E is the elastic modulus.

The boundary conditions of the fuel pellet center, the outer side of the fuel, and the
inner side of the monolith are as follows:

σ
pellet
r, in = σ

pellet
θ, in

σmonolith
r, in = σ

pellet
r, out =

{−Pg, dg > 0
−Pcon , dg = 0

(8)

where dg is the air gap thickness. When the fuel and the monolith contact with each
other, dg = 0 and the radial stress is the contact stress of the fuel and the monolith(Pcon).
Otherwise, dg > 0 and the radial stress is the gas pressure (Pg).

2.3.3 Thermal and Mechanical Coupling

The thermal and mechanical results for the reactor are then coupled via variable transfer,
as illustrated in Fig. 4. The core temperature field calculated by the heat transfer model
is transferred to the mechanical model as a thermal load, and the core stress and strain
calculated by the mechanical model will update the fuel radius, air gap thickness, and
material density in the heat transfer model.

Temperature 

field

Structural 

behavior

Stress

Strain

Deformation Thermal expansion

Inelastic strain
Physical 

properties

Gas gap 

thickness

Elastic strain

Thermal model Mechanical model

Fig. 4. Relationship between the thermal and mechanical analyses

2.3.4 Core Zonal Multi-channel Thermal-Mechanical Model

The core zonal multi-channel thermal-mechanical model is used to reflect the radial heat
transfer between channels. In a typical heat pipe reactor, the fuel rods and heat pipes
are organized within the monolith in a regular, compact way that may be separated into
hexagonal zones, as shown in Fig. 5a. Figure 5b illustrates the extraction of a single
channel for transient thermal analysis within each hexagonal zone. The operational
statuses of all channels within a zone are assumed to be identical due to symmetry. The
heat transfer between channels inside a zone is thus not taken into account; only the heat
transfer between zones is.

The different zones are modeled using the equal volume method as:

SNi = π
(
r2i − r2i−1

)
(9)
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where S is the area of one fuel unit, and N is the number of units contained in the zone.
r is the outer wall radius corresponding to the zone, and i represents different zones.

The total heat source is the sum of the fuel fission power inside the zone and the
conduction heat with adjacent zones:

φi,j = φfuel
i,j + φcon

i,j = φfuel
i,j +

m∑

k=1

λk,iAk,i
Tk,j − Ti,j

ri,k
(10)

where φ is net heat flux, T is volume average temperature, and A is the heat transfer
area.λ is the conductivity,which is temperature-dependent anddeterminedby the volume
equivalence. Subscripts i and j refer to the zone number and the axial position. Subscript
k represents the zone around the zone i.

Reflector h
Tenv

Axial control 
volume (i,j)

Gas gap

Reflector

zone#3

Center axis

zone#4

zone#2
zone#1

(a) Zones partitioning

1234

zone#2zone#3zone#4

Heat pipe

Fuel

Monolith

Gas gap

Equivalent 
modeling

Qarea

Q=0

Considered

Not considered

zone#1

(b) Single channel

Fig. 5. Multi-channel heat transfer model

The heat source term of a unit is:

φi,j,single = φi,j/Ni (11)

where φi,j,single represents the power of axial control volume j in the single channel of
the zone i, and Ni is the number of single channels in the zone i.

Through the helium gap, heat is transferred from the side channel into the reflector
and then to the environment via convection.
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3 Simulations and Analyses

The MegaPower reactor is a heat pipe cooled reactor designed by Los Alamos National
Laboratory to meet off-grid areas’ specialized energy demands [23]. Numerous cal-
culations have been published on the neutron physics and thermal engineering of the
MegaPower reactor [23, 24]. The above models and methods will be applied to the
MegaPower to analyze the effects of heat pipe temperature oscillations on the reactor
core.

As shown in Fig. 6, the core is divided into 16 zones with zone #1 as the hot channel,
zone #2 to zone #15 as the transition channels, and zone #16 at the edge. The reactor
heat is removed by solid heat conduction to the environment through the outer reflector
wall by natural air convection to the ambient temperature at 300 K with a convection
heat transfer coefficient of 20 W/

(
m2 · k).

3.1 Heat Pipe Temperature Oscillation

Figure 7 illustrates the heat pipe temperature oscillation behavior. Table 1 lists the temper-
ature oscillation parameters for the case of a 30° inclination angle [21]. The temperature
oscillation in this work is described using a power function as follows:

A1(h) =
{
A1,max

h
H

( t
αT

)β
, t < αT

A1,max
h
H

(
T−t

(1−α)T

)γ

, t > αT

Av =
{
Av,max

( t
αT

)β
, t < αT

Av,max

(
T−t

(1−α)T

)γ

, t > αT
(12)

whereA1(h) is the temperature amplitude at height h in the liquid pool,H is themaximum
height of the liquid pool. Av is the temperature amplitude in the vapor area. A1,max and
Av,max represent the corresponding maximum temperature amplitudes, respectively. α

represents the ratio of rise time in a single cycle. β and γ are power function coefficients
of 0.5 and 1, respectively, determined by the experimental results. T is the period of
geyser boiling, and t ∈ [0,T ].

Fig. 6. Core zones partitioning
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Table 1. Oscillation parameters for a 30° inclination angle

Heating rate
(W)

Period
(s)

Temperature (°C) Amplitude
(°C)

Fall time
(s)

Rise time
(s)

T∗
1 T∗

2 T1 T2 T1 T2 T1 T2

330 63 580 525 32 11 8 58 55 5

420 43 590 540 29 12 8 38 35 5

530 38 630 570 31 9 9 34 29 4

670 34 685 625 34 6 7 30 27 4

770 41 740 670 42 8 9 35 32 6

900 46 790 710 52 12 13 34 33 12
*T 1 and T2 are the temperature of the liquid pool and the vapor area, respectively.

Fig. 7. Temperature oscillation of heat pipes

3.2 Effect of Heat Pipe Temperature Oscillation on the Core

The heat pipe reactor uses the heat pipe as the heat transmission element. The changes in
heat pipe temperature will inevitably cause the core temperature and the core power to
fluctuate. Besides, the changes will also affect the stress in the core. Therefore, this paper
simulates the thermal andmechanical effects of heat pipe temperature oscillations on the
core separately. The simulation parameters are determined by the above experimental
results with an oscillation period of 60 s, a liquid pool height of 1/4 of the evaporator,
and vapor area and liquid pool amplitudes of 10 °C and 70 °C, respectively. Finally, a
sensitivity analysis of the period in the oscillation parameters is performed.
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Fig. 8. The effect of temperature oscillation on the core

3.2.1 Thermal Effect

Figure 8 shows the effect of heat pipe temperature oscillation on the core power and
reactivity. At 100 s, the geyser boiling starts, which introduce a small positive reactivity
and thus increase the core power. However, negative feedback, such as the Doppler
effect, causes the core to return to the critical gradually. Then, the heat pipe temperature
oscillation still affects the core, resulting in a steady fluctuation in core power with a
period of 60 s and an amplitude of 25 kW.

Figure 9a shows the temperature fluctuation of the heat pipe’s outer wall. As height
rises, the amplitude decreases. The temperature amplitude is 60 °C at a height of 0.15 m
from the bottom of the evaporator and falls to 10 °C at a height of 0.375 m.

Figure 9b shows the temperature fluctuation of the monolith wall near the fuel. It can
be seen that the effect of heat pipe temperature oscillation is slightly suppressed. The
wall’s temperature amplitude drops to 47 °C (at 0.15 m) and 9 °C (at 0.375 m or higher).
Figure 9c and Fig. 9d show the temperature fluctuation of the fuel outer wall and the fuel
pellet center, respectively. The influence is further attenuated. At a height of 0.15 m, the
fuel outer wall temperature amplitude falls to 30 °C and the center temperature amplitude
falls to 22 °C.



322 Y. Ma et al.

Fig. 9. Core temperature oscillation for geyser boiling condition (zone #1)

3.2.2 Mechanical Effect

Figure 10 shows the effect of heat pipe temperature oscillation on the stress in the core.
With an amplitude of about 6MPa, the peak stress oscillates at the same frequency as the
temperature for both the fuel and the monolith. Although the oscillation range remains
within the safety limit, the oscillation may aggravate the material thermal fatigue and
cause structural failure during the long life of heat pipe reactors, which threatens the
core safety. Therefore, temperature oscillations should be avoided in heat pipe reactors.
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Fig. 10. Stress oscillation for geyser boiling condition (zone #1)

3.2.3 Sensitivity Analysis of the Period

For sensitivity analysis, the oscillation period is adjusted to 1/4 of the original, that is,
15 s. The results are shown in Fig. 11. The temperature oscillation amplitude of the fuel
and the monolith is significantly reduced as the period decreases. When the period is
reduced from 60 s to 15 s, the temperature amplitude of the fuel pellet center at a height of
0.15mdecreases from22 °C to 5 °C. Similar trends are seen in the other areas. Therefore,
long-period heat pipe temperature oscillations are more likely to transmit temperature
fluctuations to the core, and high-frequency heat pipe temperature oscillations can be
absorbed by the core heat capacity and their effects are mitigated.
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Fig. 11. Temperature oscillation of monolith and fuel with a period of 15 s

4 Conclusions

This work introduces a coupled neutronic and thermal-mechanical analysis method of
heat pipe reactors. The megawatt heat pipe reactor, MegaPower, was chosen as an appli-
cation case to study the influence of heat pipe temperature oscillations caused by geyser
boiling on the critical parameters during reactor operation, such as temperature and
stress. The calculations show that:
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(1) The heat pipe temperature oscillation has a thermal effect on the core, caus-
ing the monolith temperature and fuel temperature to oscillate at the same fre-
quency. Besides, as the oscillation period decreases, the temperature amplitude also
decreases due to the heat capacity of the core. The core temperature amplitudes are
22 °C and 5 °C, respectively, for oscillation periods of 60 s and 15 s, which indicates
that the effects will be mitigated for low-period heat pipe temperature oscillations.

(2) Due to the temperature oscillation in the core, the peak stresses in the monolith and
the fuel oscillate at the same frequency. The oscillation amplitude is about 6MPa at
a period of 60 s. Although the fluctuation range remains within the safety limit, this
fluctuation may aggravate thermal fatigue, which may result in structural failure for
a long period of operation. Therefore, the geyser boiling must be avoided during
the steady-state operation of a heat pipe cooled reactor.
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Abstract. A RELAP5 input model was established for a scaled-up facility sim-
ulating China’s Advanced Passive Water Reactor with passive safety features.
The simulation was performed to reproduce a Main Steam Line Break (MSLB)
scenario at steam line connected to one Steam Generator. The figure of merit
selected in this accident scenario includes the maximum containment pressure,
mass and energy release to containment. Driving factors of this response function
include Passive Residue Heat Removal material thermal conductivity, Pressurizer
temperature, and broken steam line temperature.

To achieve an adequately justified safety margin using a Best Estimate Plus
Uncertainty analysis, dominant phenomena were selected from a reference Phe-
nomenon Identification andRanking Table. The calculation results were compared
with the available reference data of similar Generation III Passive Water Reactor
to assess the code’s capability to predict the MSLB phenomena. The DAKOTA
toolkit is used to drive both parameter sensitivity analysis and uncertainty propa-
gation. The 95/95 uncertainty bands of key output parameters were obtained using
the Wilks’ statistical methods.

Compared with the reference data, the simulation results partially confirmed
the stability and repeatability of the code model for initial and boundary condition
perturbations. The uncertainty bands of important output parameters were demon-
strated. The results indicated that the maximum containment pressure value was
below the safety limit, and the passive safety system can mitigate the consequence
of the MSLB. The mass and energy released into the containment were assessed
according to the containment design.

The parameter sensitivity analysis was performed with 34 input parame-
ters, and the results were evaluated by Spearman’s Simple Rank Correlation
Coefficients.

Keywords: China’s Advanced PWR · MSLB · Uncertainty · Passive Safety ·
PIRT

1 Introduction

China’s Advanced Passive Water Reactor (PWR) is an advanced Generation III (G-III)
reactor with passive safety features, developed through the introduction and absorption
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of AP1000 technology (Zheng et al. 2016) to meet the growing electricity demand and
to take advantage of the economies of large reactors (Bodansky 2007). The AP1000
developed by Westinghouse is a passive safety pressurized water reactor (Schulz 2006).
It is a G-III+ reactor (Saha et al. 2013) that received the design certification from the
U.S. Nuclear Regulatory Commission in 2008 (Matzie 2008).

China’s National Nuclear Safety Administration illustrated the study requirements
for mass and energy release in the case of Design Basic Accident (such as Loss Of
Coolant Accident (LOCA) or Main Steam Line Break (MSLB) accidents) in nuclear
safety guideline HAD 102/06–2020, The Design of Reactor Containment and Related
Systems for Nuclear Power Plant (NNSA 2020). When theMSLB accident happens, the
break of the main steam pipe will cause a large amount of high-enthalpy flow to inject
into the containment. This large mass and energy leakage would result in a significant
increase of pressure in the containment. Then the Passive Core Cooling System (PCCS)
works to remove the heat by natural circulation. In order to find the key parameters
influencing the transient response of China’s large advanced PWR containment and
mass- and energy-release into the containment during anMSLB accident, the sensitivity
analysis of the MSLB accident with a thermal-hydraulic model is necessary.

Several studies have been performed on uncertainty quantification and sensitivity
analysis of the passive safety system of China’s advanced PWR or MSLB accident in
PWRwith passive safety features.YangYe et al. performed theBest Estimate PlusUncer-
tainty (BEPU) analysis in a postulated 2-in. Small Break LOCA (Yang et al. 2020a).
Deng Chengcheng et al. carried out best-estimate calculations using RELAP5/MOD3.4
code plus uncertainty quantification and sensitivity analysis of the Small Break LOCA
transient for a scaled-down facility-the Advanced Core-cooling Mechanism Experiment
(ACME) test facility (Deng et al. 2019). Chang Yuhao et al. performed a BEPU analysis
of China’s advanced large-scale PWR under the conditions of Large Break LOCA sce-
narios by employing the RELAP5 code (Chang et al. 2020). SunQiuteng et al. performed
global sensitivity analysis of the MSLB accident in AP1000 by using sampling meth-
ods and surrogate models (Sun et al. 2021). Angelo Lo Nigro et al. performed MSLB
coupled 3D NEU-TH sensitivity analysis of the AP1000 plant using RELAP5-3D (Lo
Nigro et al. 2002). Yang Ye et al. performed a simulation and uncertainty analysis of
MSLB accident on PUMA integral test facility (Yang et al. 2020b).

The sketch of China’s Advanced PWR is shown in Fig. 1. In this study, best-estimate
calculations using RELAP5 code plus uncertainty quantification and sensitivity analysis
of the MSLB transient were carried out for China’s Advanced PWR. The important
thermal-hydraulic phenomena under MSLB transient were investigated by comparing
calculations between China’s Advanced PWR and AP1000. Thereafter, the uncertainty
quantification process based on Code Scaling, Applicability and Uncertainty (CSAU)
methodology was demonstrated, including the selection of input uncertain parameters,
the application of Wilks’ statistic method and the uncertainty propagation using the
SNAP interface. Lastly, the results of uncertainty quantification and sensitivity analysis
were discussed.
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Fig. 1. The Sketch of China’s Advanced PWR (Shi et al. 2021)

2 RELAP5 Nodalization

The RELAP5 input model for the selected reactor was established based on the technical
information obtained from the open literature and design information (Yang et al. 2020a).
The selected transient condition is the break of main steam line inside the containment
vessel, and the main steam isolation valve is closed within 5s after the break open.
In order to simulate the amount of mass and energy released from the break of the
secondary loop to the containment, the containment node was set up in the RELAP5
model and connected with the upper cell of In-Containment Refueling Water Storage
Tank (IRWST) to form the internal control volume of the containment.

As shown in Fig. 2, the model mainly focuses on the Reactor Coolant System (RCS),
including a Reactor Pressure Vessel (RPV), 4 Cold Legs, 2 Hot Legs, 4 Coolant Pumps, 2
Direct Vessel Injection (DVI) pipes, 2 Steam Generators (SGs) and 1 Pressurizer (PZR).
The passive safety system consists of 2 Accumulators (ACCs), 2 Core Makeup Tanks
(CMTs), Passive Residue Heat Removal (PRHR) system, Automatic Depressurization
System (ADS) and an IRWST. The RPV downcomer is composed of a pair of eight
vertical channels, which is connected to 4 cold legs, 2 hot legs, and 2 DVI lines.
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Fig. 2. RELAP5 Nodalization of MSLB in China’s Advanced PWR

2.1 Steady-State Results

TheMSLB accident is hypothetical, so its initial conditions are set to the normal steady-
state operating conditions of the nuclear power plant. After the RELAP5 node modeling
is completed, the steady-state calculation of the code is carried out firstly. According
to the output file of the RELAP5 code, the model reaches steady-state at about 150 s.
The steady-state results are shown in Table 1. Therefore, in the subsequent transient
calculation, the steady-state operation phase of 300 s was first set before the opening of
the break valve.

2.2 Transient Sequence and Results

The sequence of accidents in the hypothetical scenario is shown in Table 2. In theMSLB
accident, there was no coolant leakage in the primary side, and the low setting value of
RCS cold leg temperature (Tcl) is triggered to generate the “S” signal, then the reactor
is shut down. Therefore, CMT is always in recirculation mode and does not switch to
drainage mode. Therefore, ADS1–4 is not enabled. The total amount of mass and energy
released depends on the water inventory of SG secondary side and the condensing tank
storage of the start-up feed water system.

As shown in Fig. 3 and Fig. 4, compared with the MSLB accident of AP1000 (West-
inghouse 2011) (partial data of 600 s after the accident began), APR1400 (Ekariansyah
and Sunaryo, 2018), ATLAS (Ha et al. 2014), the PZR pressure (i.e., system pressure)
was in good agreement with AP1000 during the blowdown phase. In the passive decay
heat removal phase, the pressure of China’s Advanced PWR decreases slowly but keeps
a downward trend. The CMT maintains a recirculation mode, injecting cooling water
into the core in natural circulation. At about 1700 s, the core pressure drops to the ACC
injection pressure of 4.83 MPa, and the pressurized nitrogen in ACC injects coolant
into the core passively (Fig. 6). Because there was steam loss on the secondary loop in
MSLB accident, the RCS integrity was maintained during the accident. Hence, the RPV
liquid level remains constant. CMT injection flow rate is lower, but the injection time is
logically consistent (Fig. 5).
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Table 1. Steady-State Simulation Confirmation (Zheng et al. 2016; Yang et al. 2020a)

Main Design Parameters China’s Advanced PWR RELAP5 Simulation

Core thermal power (MW) 4040 4037.73

RCP flow rate (m3/h) 21642 21642.00

RCS pressure (MPa) 15.5 15.55

Vessel inlet temperature (K) 557.45 557.58

Vessel outlet temperature (K) 596.85 597.01

Steam pressure at SG exit (MPa) 6.02 6.01

Steam flow per SG (kg/s) 1123.4 1123.11

CMT volume (m3) 85 84.98

ACC volume (m3) 78.3 78.68

IRWST volume (m3) 2730 2730

Table 2. Main safety system set points in accident analysis (Deng et al. 2019; Li et al. 2016)

Event sequence Set point assumed in accident
analysis

Simulate Time (s)

Safety signal Tcl low 20.01791

Reactor SCRAM 13.2 MPa 20.01791

SG main feed water valves start to
close

After ‘Safety’ signal 25.01532

SG main steam valves start to close After low PZR pressure signal 49.01773

RCPs trip After ‘S’ signal 27.01532

PRHRS isolation valve starts to
open

After ‘S’ signal 42.01712

CMT injection starts After ‘S’ signal 42.01712

ACC injection starts 4.83 MPa 1676.0046

ADS1 valves start to open 30 s after 67.5% liquid volume in
any CMT

–

ADS2 valves start to open 48 s after ADS1 actuation –

ADS3 valves start to open 120 s after ADS2 actuation –

ADS4a valves start to open 120 s after ADS3 & CMT low-low
level

–

ADS4b valves start to open 60 s after ADS4a actuation –

IRWST injection valve starts to
open

RCS pressure less than 0.5 MPa –
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According to the accident logic, the primary side pressure did not drop to 0.5 MPa,
so IRWST was not injected in the MSLB accident. The steel containment vessel has
a design pressure of 0.443 MPa and a safety margin of 10%. As shown in Fig. 7, the
pressure of the containment vessel rises rapidly when the break is opened in the process
of a transient accident. Then the pressure decreases without overpressure due to the
cooling of the containment vessel by the thermal components outside the containment
vessel (imitating the passive containment cooling system and spray system).

The integral of mass and energy release integral is shown in Fig. 8. Later, as the
auxiliary water supply system injected water into the damaged steam generator, steam
was continuously released into the containment vessel through the break of main steam
line, as shown in the break flow (Fig. 7).

Fig. 3. RCS Pressure Fig. 4. Pressurizer Pressure

Fig. 5. CMT Injection Mass Flow Rate Fig. 6. ACC Injection Mass Flow Rate
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Fig. 7. Containment Pressure Fig. 8. Mass and Energy Release Amount

3 Uncertainty and Sensitivity Analysis

Referring to AP600 and AP1000, theMSLB accident scenario is divided into five phases
(see Fig. 9): Initial Depressurization, Passive Decay Heat Removal, CMT Draining to
ADS Actuation, ADS Blowdown, and IRWST & Sump Injection phase (Wilson et al.
1997). However, in this simulation, only the MSLB accident was set, with no superim-
posed failure of other systems. Therefore, in the later transient process, it can be seen
that there are only Initial Depressurization and Passive Decay Heat Removal phases.

The well-known Wilks’ formula for the one-side tolerance interval is expressed as
follows (Wilks 1941):

β = 1− γ N (1)

To achieve 95% tolerance with 95% confidence (95%/95%), 59 sets of input vari-
ables would be sampled according to the Wilks’ formula. The input sets were automat-
ically generated by Design Analysis Kit for Optimization and Terascale Applications
(DAKOTA) toolkit using simple random sampling (Adams et al. 2015).

3.1 Phenomena Identification and Ranking Tables

The initial decompression phase begins at the time of the pipe break and continues until
the secondary side of the affectedSG (i.e., the SGconnected to the steam line of the break)
is decompressed to the containment pressure. The reactor is shut down at this stage. The
steam line is arranged, so the broken SG initially loss steam through a double-ended pipe
break. However, a steam line isolation signal is generated relatively early in this phase to
prevent the steam from losing from the turbine side. The behavior at this phase is mainly
the discharge of the affected SG into the containment vessel, resulting in supercooling
of the RCS due to heat discharge through the pipes of the affected steam generator.
It is important to note that this process is asymmetric, with significant differences in
heat load and fluid temperature between the affected and unaffected coolant cycles. The
primary and secondary side heat transfer of SG plays a dominant role in RCS cooling and
is therefore considered to be the primary parameter in this stage. Dominant processes
are break flow, SG secondary behavior, RCS loop flow, and asymmetric loop cooldown
(Table 3).
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Fig. 9. MSLB Transient Scenario (Wilson et al. 1997)

When the affected steam generator depresses to containment pressure, the passive
residual heat removal phase begins and continues until the CMT recirculation stops (due
to the presence of two-phase liquid in theCMTor its inlet line). This stage is characterized
by primary path, CMT and PRHR flow driven by natural circulation. The temperature
distribution of RCS is asymmetric. The RCS heat source is decay heat and reverses
heat transfer generated by an unaffected steam generator. CMT recirculation and PRHR
systems are heat traps for RCS. The RCS energy distribution determines the decay heat
emission and is therefore considered the most important parameter. Processes important
for accurate modeling of this phase are loop asymmetry effects, core heat transfer, SG
heat transfer, PRHR heat transfer, and containment shell heat transfer.

3.2 Input Parameters Selection

According to the Phenomena Identification and Ranking Table investigation, the main
input parameters related to containment pressure in the MSLB accident can be deter-
mined. Under ideal conditions, the distribution of uncertain input parameters is shown
in Table 4. Due to the limitation of the RELAP5 model initial conditions, part of the
temperature needs to be specified in the form of internal vapor and liquid energy. The
final input parameters and their distribution are shown in Table 5.

3.3 Uncertainty Results

Figure 10 shows the uncertainty results of the containment pressure, which is also the
figure ofmerit. The uncertainty of the outside temperature of PCCSheat structure directly
causes different heat removal from the steel containment shell, which leads to the dif-
ference of the pressure and temperature inside the containment. Due to the changes in
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Table 3. Ranking criteria for the MSLB

Parameters/Processes Initial Depressurization Passive Decay Heat Removal

Important Parameters SG Primary-to-Secondary Heat
Transfer

RCS Energy Distribution

Dominant Processes Break flow
SG secondary behavior (level
swelland depletion,liquid
carryover,flashing, and
entrainment)
RCS loop flow
Asymmetric loop cooldown

Loop assymetry effects
Core heat transfer
SG heat transfer
PRHR heat transfer
Containment shell heat transfer

Table 4. Input Parameters under Ideal Condition

Position Penomenen Parameter

Fuel Rod Power/Decay Power Decay Power

Critical Heat Flux –

Break Flow Rate Hydraulic
Diameter

Discharge
Coefficient

Flow Area

Energy Release Temperature

Choking Flow Pressure

Core Two-Phase Swell Level Void Fraction

Core Chanal Cross Flow

Subcooling Temperature

Flashing Pressure

ADS Mass Flow Rate ADS1–3 valve lift

ADS4 valve lift

ADS1–3 Discharge
Coefficient

ADS4 Discharge
Coefficient

Energy Release Temperature

CMT Water Level Pressure

Density Difference between CMT &
RCS

Temperature

Flow Resistance Pipe Wall Friction

(continued)
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Table 4. (continued)

Position Penomenen Parameter

SG 1st/2ndSide Heat Transfer from 1st Side to 2nd Side Thermal
Conductivity of
Material 8

Seperator Liquid Entrainment Open Entrainment
Model

1st Side Optimal Circulation Loop –

2nd Side Entrainment Open Entrainment
Model

Flashing Pressure

Feedwater Line Draining Temperature

Level Swell Water Level (As
Result)

IRWST Liquid Entrainment Pipe Wall Friction

Water Level Water Level (As
Result)

Thermal Stratification Temperature

PZR Flashing Temperature

Water Level Water Level (As
Result)

Steam Space Behavior Gas Space Pressure

Sump Fluid Temperature Temperature

Water Level Water Level (As
Result)

Hot Leg Phase Separation in Tee Open Entrainment
Model

Downcomer/Lower Plenum Water Level Water Level (As
Result)

Upper Head/Upper Plenum Two-Phase Ratio in Upper Plenum Void Fraction

Entrainment/De-Entrainment Open Entrainment
Model

Containment Heat transfer from the outside to the
environment

Thermal
Conductivity of
Material 11

Heat transfer from the interior to the
wall

Heat Capacity of
Material 11

Pump Stopping Behavior –

PRHR Heat transfer between PRHR and
IRWST

Thermal
Conductivity of
Material 5
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Table 5. Input Parameters with Uncertainty Distribution in RELAP5 Model

No. Parameter Reference Value Unit Factor Range

1 Decay Power Curve Table – [0.95, 1.05]

2 Break Area 0.5944 m2 [0.98, 1.0]

3 Break Discharge Coefficient 1.0 – [1.0, 1.4]

4 RPV Pressure 15.5 MPa [0.98, 1.02]

5 Thermal Conductivity of SG
Material

Thermal Conductivity Table W/m*K [0.95, 1.05]

6 ADS4 Valve Opening Rate 2.0 s−1 [0.95, 1.05]

7 CMT Wall Friction 5.0 × 10–5 m [0.95, 1.05]

8 ADS1 Valve Opening Rate 0.033 s−1 [0.95, 1.05]

9 ADS2 Valve Opening Rate 0.0125 s−1 [0.95, 1.05]

10 ADS3 Valve Opening Rate 0.0125 s−1 [0.95, 1.05]

11 ADS4 Discharge Coefficient 0.92 – [1.0, 1.4]

12 ADS1–3 Discharge Coefficient 0.92 – [1.0, 1.4]

13 CMT Pressure 15.5 MPa [0.98, 1.02]

14 IRWST Temperature 322.0 K [0.95, 1.05]

15 PZR Vapor Space Pressure 15.5 MPa [0.98, 1.02]

16 Thermal Conductivity of PRHR
Material

Thermal Conductivity Table W/m*K [0.95, 1.05]

17 Break Pipe Pressure 6.067 MPa [0.98, 1.02]

18 CMT Liquid Internal Energy 2.02312 × 105 J/kg [0.98, 1.02]

19 CMT Vapor Internal Energy 2.44414 × 106 J/kg [0.98, 1.02]

20 PZR Liquid Internal Energy ~ 1.60 × 106 J/kg [0.98, 1.02]

21 PZR Vapor Internal Energy 2.44414 × 106 J/kg [0.98, 1.02]

22 Main Sump Liquid Internal
Energy

3.622 × 105 J/kg [0.98, 1.02]

23 Main Sump Vapor Internal
Energy

3.64 × 105 J/kg [0.98, 1.02]

24 IRWST Wall Friction 5.0 × 10–5 m [0.95, 1.05]

25 ADS1–3 Liquid Internal Energy 1.603772 × 106 J/kg [0.98, 1.02]

26 ADS1–3 Vapor Internal Energy 2.44414 × 106 J/kg [0.98, 1.02]

27 IRWST Liquid Internal Energy 2.10925 × 105 J/kg [0.98, 1.02]

28 IRWST Vapor Internal Energy 5.50466 × 105 J/kg [0.98, 1.02]

29 Intact SG 2nd Side Pressure 6.136 MPa [0.98, 1.02]

30 Intact SG 2nd Side Temperature 539.09 K [0.95, 1.05]

(continued)
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Table 5. (continued)

No. Parameter Reference Value Unit Factor Range

31 Broken SG 2nd Side Pressure 6.136 MPa [0.98, 1.02]

32 Broken SG 2nd Side
Temperature

539.09 K [0.95, 1.05]

33 Containment Outside
Temperature

298.15 K [0.92, 1.25]

34 Start-up Feedwater Flow Rate 61.1 Kg/s [0.95, 1.05]

various input parameters (will be discussed in Sect. 3.4), the maximum containment
pressure is 0.3362 MPa, which does not exceed the safety limit-0.443 MPa.

The variation of break mass and energy release is shown in Fig. 11. In the initial
depressurization phase, the uncertainty of the break mass and energy release is mainly
caused by the uncertainty of the breakmass flow. In the passive decay heat removal phase,
the uncertainty of the break mass flow, CMT heat removal capacity and PRHR heat
removal contributes to the uncertainty of the break mass and energy release. Meanwhile,
themaximummass released to the containment vessel is 4.16×105 kg, and themaximum
energy released to the containment vessel is 9.74 × 108 kJ.

These maximum values could be referred to new reactor containment design with
proper scaling analysis.

3.4 Sensitivity Analysis

The importance of the input variables to the safety parameters can be quantified by the
spearman rank correlation coefficient:

Spearman = rs =
∑n

i=1

[(
Ri − 1

n

∑n
i=1Ri

)(
Qi − 1

n

∑n
i=1Qi

)]

√
∑n

i=1

(
Ri − 1

n

∑n
i=1Ri

)2
√

∑n
i=1

(
Qi − 1

n

∑n
i=1Qi

)2
(2)

The correlation coefficient ranges from −1 to + 1. Positive and negative signs indi-
cate positive and negative correlations, and the magnitude of the value indicates the
strength of the correlation. Figure 12 shows the spearman rank correlation coefficients.
The statistical significance of parameters is taken into account when its absolute value
is greater than 0.2.

The main findings are given below:

1. Thermal Conductivity of PRHRMaterial: The thermal conductivity of PRHR mate-
rial is negatively correlated with the containment pressure.With the thermal conduc-
tivity of PRHR material increasing, the heat is removed more, then the containment
pressure decreases to a lower value. In the accident transient, the thermal conductivity
of PRHR material determines the heat removed from the RCS.
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Fig. 10. Uncertainty Results of Containment
Pressure

Fig. 11. Uncertainty Results of Break Mass
and Energy Release

Fig. 12. Sensitivity Analysis Results: 34 Input Parameters to Containment Pressure

2. PZR Liquid Internal Energy: The PZR liquid internal energy has a positive correla-
tion with the containment pressure. With the PZR liquid internal energy increases,
the more heat is removed, the higher the containment pressure would be. The PZR
is connected to the RCS hot leg, and its temperature will affect the coolant tem-
perature of the whole primary system. After the MSLB accident occurred, due to
the instantaneous increase of the secondary side flow and the supercooling of the
primary side, the low setting value of RCS cold leg temperature (Tcl) is triggered to
generate “S” signal. When the primary coolant temperature increases, the “S” signal
would be delayed, resulting in more core heat being released to the primary coolant,
then to the heat sink (SG), and finally to the containment, resulting in increasing
containment pressure.

3. Broken SG 2nd Side Temperature: The broken SG 2nd side temperature negatively
correlates with the containment pressure. With the broken SG 2nd side temperature
increases, the SG water is flashing earlier and remove RCS heat earlier, tripped
the “S” signal earlier. Therefore, the core generates less decay power, and the
containment pressure decreases.
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4 Conclusions

The simulation and analyzation of China’s Advanced PWR MSLB accident were con-
ducted by RELAP5 code. The uncertainty and sensitivity analysis were performed,
and the spearman rank correlation coefficient evaluated the importance of each input
parameter on the object safety parameter, i.e., the figure of merit.

By comparing the code simulation results and the available test results, it is observed
that the code can reasonably predict the important thermal-hydraulic phenomenon for
China’s Advanced PWR MSLB accident. The maximum containment pressure did not
reach the design limit pressure during the overall uncertainty analysis. This indicates the
passive safety system was put into operation by pre-set logic during the entire accident
transient, ensuring effective heat removal from the core. The passive safety system can
assure the safety of the core and containment in the MSLB accident.

According to the spearman rank correlation coefficient, the most influential variable
for the maximum containment pressure is the RCS temperature. It means that the RCS
temperature has an essential effect on the initial energy stored in RCS coolant. The
uncertainty of parameters such as thermal conductivity of PRHR material and broken
SG 2nd side temperature also significantly impact the maximum containment pressure.
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Abstract. The gas foil bearing (GFB) has the prospect of application in
the nuclear field because of its oil-free lubrication and high-speed as well as high-
temperature performance. In this paper, the hysteresis behaviors of the bump foil
structure of bump-type gas foil bearings are investigated. The bump foil ismodeled
by beam elements and reduced by Guyan reduction method. The amended LuGre
friction model is adopted and all the state variables are solved simultaneously in
the fully coupled scheme. It is found that, along with the decrease of the friction
stiffness per normal force, the presliding behavior is enhanced and it is more and
more difficult to distinguish the stick and slip states, which results a decrease of the
energy dissipation of hysteresis curves. Besides, the differences of high-slope and
low-slope hysteresis curves are caused by the changes of stick and slip states of
partial contact nodes close to the free end of the bump foil. Finally, the simulation
results considering the Stribeck effect indicate that the high-slope and low-slope
parts of hysteresis curves are dominated by maximum static friction coefficient
and kinetic friction coefficient, respectively. Moreover, the comparisons of simu-
lation and experimental hysteresis curves prove that the presliding behavior and
Stribeck effect are prevalent phenomena in bump foil structure and should be taken
into account in the modeling of the GFB system.

Keywords: Gas bearing · Bump foil · Hysteresis · LuGre · Presliding · Stribeck

1 Introduction

Gas foil bearings (GFBs) are increasingly used in oil-free and high-speed as well as
high-temperature fields and show great potential in the nuclear field [1, 2]. The bump-
type GFB, as shown in Fig. 1, is the most studied and widely used type of GFBs [3].
Its top foil is supported by one or more compliant corrugated foil strips, and the end of
the top foil and bump foil are welded to the bearing sleeve. The hydrodynamic pressure
generated between the rotor and top foil acts on the foil structure while suspending the
rotor. The hydrodynamic pressure deforms the foil structure, and the relative motion
between the bump foil and top foil as well as the bearing sleeve is generated. Then,
the friction force arises to prevent the relative motion. The friction provides energy
dissipation for the system and stiffens the foil structure, thus significantly affecting the
mechanical characteristics of the GFB system [4, 5].
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Fig. 1. The configuration of the bump-type GFB system.

The early numerical investigation on the friction inside the foil structure was carried
out by Ku and Heshmat [6]. They found that the bumps near the welded end have a much
higher static stiffness, and a higher friction coefficient could increase the static stiffness.
Then experimental results of hysteresis curves for bump strips pressed between two
parallel surfaces were presented in [7]. It was found that the local stiffness is higher than
the global stiffness, and the local stiffness and damping are dependent on the excitation
amplitude and static load. Following their previous work, Ku and Heshmat [8, 9] devel-
oped a theoretical model to calculate the equivalent viscous damping coefficient and
structural stiffness for nonrotating journal acting on bump foil strips. Then, the experi-
mentswere carried out to investigate the dynamic characteristics of the bump foil, and the
results were compared to the theoretical model with good agreement [10, 11]. The results
showed that alongwith the increase of excitation amplitude or decrease of the static load,
the local structural stiffness and equivalent viscous damping coefficient decrease, and
an increase of the excitation frequency was found to increase the local structural stiff-
ness while decrease the equivalent viscous damping coefficient. Subsequently, similar
experiments were performed by many authors to investigate the structural stiffness and
equivalent viscous damping coefficient [12–16].

The understanding of hysteresis behaviors of the bump foil structurewas improved by
Lez et al. [17, 18]. The simulation results evidenced the presence of stick and slip states
in the foil structure, and then, the variations of the equivalent stiffness and damping
coefficients could be explained by stick-slip behaviors of contact nodes. During the
loading and unloading processes, the high-slope and low-slope curves correspond to
stick states and slip states of most contact nodes, respectively. Besides, only the few
bumps close to the free end of the bump foil structure participate in the change of stick
and slip states, while the other bumps keep stuck all the time.
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Larsen et al. [19] investigated the mechanical behaviors of bump foil strips pressed
between two parallel surfaces, and experimental results showed complex dynamic phe-
nomena which cannot be fully captured by classical friction model. Feng et al. [20] first
introduced the original LuGre friction model into the modeling of bump foil structure.
This model is capable of capturing the presliding behavior, Stirbeck effect and asso-
ciated stick-slip motion [21]. The original LuGre friction model was then adopted by
Zhou et al. [5] to develop a fully coupled dynamic model of the GFB system. However,
this friction model was developed for cases of fixed normal contact force and may give
nonphysical results under variable normal contact force conditions, which is caused by
the implicit expression of normal contact force in the calculation of the friction force.

Therefore, in this paper, to further investigate the hysteresis behaviors of the bump-
type foil bearing structure, the amendedLuGre frictionmodelwas adopted to couplewith
the bump foil structure. The modeling and solution were validated by experimental data.
Then, the presilding behavior, the stick-slip states during loading-unloading process and
the Stribeck effect were investigated in sequence.

2 Modeling and Solution

The purpose of this work is to investigate the hysteresis behaviors of the bump foil
structure. So, the system is modeled as a flexible bump foil strip pressed between two
parallel rigid surfaces, as shown in Fig. 2(a). The reduction of the bump foil structure
and the frictional contact between the bump foil and two surfaces are implemented, and
finally, the system is solved in a fully coupled manner.

Fig. 2. Modeling of the system: (a) the schematic of the system and the reduction scheme of the
bump foil and (b) the diagram of the frictional contact.
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2.1 Modeling of the Bump Foil Structure

The standard two-node Euler beam elements are used to model the bump foil structure.
The governing equation for an element e is expressed as.

Meq̈e + Ceq̇e +Keqe = Fe, (1)

where qe is the nodal deflection vector of the element, Me, Ce and Ke are the element
mass matrix, damping matrix and stiffness matrix, respectively, and Fe is the element
external force vector. The proportional damping Ce = βKe is adopted in which β is
the proportional damping coefficient. Besides, a correction of the Young’s modulus is
implemented due to the plane stress assumption.

In view of that the natural frequency of the bump foil structure is much higher than
the excitation frequency in this work, the dynamic characteristics of the bump foil can be
ignored. Besides, most of the nodes of the bump foil elements are unloaded. Therefore,
theGuyan reductionmethod [22] can be adopted to improve the computational efficiency
while still guarantee the accuracy. Based on the geometric configuration of the bump
foil, only the highest nodes and corner nodes of the bumps are assumed to be potentially
loaded. These potentially loaded nodes are defined as boundary nodes of substructures
and the left over nodes are interior nodes, as shown in Fig. 2(a).

By assembling the corresponding elements, the governing equation of a substructure
can be obtained as

Msq̈s + Csq̇s +Ksqs = Fs, (2)

where qs is the nodal deflection vector of the substructure, Ms, Cs and Ks are the mass
matrix, damping matrix and stiffness matrix of the substructure, respectively, and Fs is
the external force vector of the substructure. Based on the mechanical characteristics of
the bump foil, the governing equation of a substructure can be approximated as a static
equilibrium equation

Ksqs = Fs. (3)

By partitioning the degrees of freedom (DOFs) of the substructure into the boundary
DOFs qs,b and interior DOFs qs,i, the static equilibrium equation can be rewritten as

[
Kbb Kbi

Kib Kii

][
qs,b
qs,i

]
=

[
Fs,b

0

]
, (4)

where the subscripts b and i denote the boundary and interior, respectively. The second
row of Eq. (4) can be reformulated as

qs,i = −K−1
ii Kibqs,b. (5)

Then, the substructure DOFs qs can be represented by the boundary DOFs qs,b as

qs =
[

I
−K−1

ii Kib

]
qs,b = �qs,b, (6)
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where� is the transformationmatrix. SubstitutingEq. (6) intoEq. (3) and premultiplying
both sides by �T, the static equilibrium equation is reduced to

K̃sqs,b = F̃s, (7)

where K̃s and F̃s are reduced substructure stiffness matrix and external force vector,
respectively. Note that, considering the dynamic friction model, although the dynamic
characteristics of the bump foil is negligible, the mass matrix and damping matrix of the
bump foil are needed to be incorporated to avoid a fully implicit solution strategy which
greatly reduces the computational efficiency. The mass matrix and damping matrix of
the substructure are reduced to the subspace using the same base as the stiffness matrix;
that is

M̃s = �TMs�, (8)

C̃s = �TCs�. (9)

Then, the reduced substructure can be viewed as a super element and is governed by

M̃sq̈s,b + C̃sq̇s,b + K̃sqs,b = F̃s. (10)

By assembling all the substructure equations, the governing equation of the reduced
bump foil structure can be organized as

Mf q̈+ Cf q̇+Kf q = Fc(q, q̇, z), (11)

where q is the generalized nodal deflection vector of the reduced bump foil structure,
Mf , Cf and Kf are the generalized mass matrix, damping matrix and stiffness matrix
of the reduced bump foil structure, respectively. Fc(q, q̇, z) is the generalized force due
to the frictional contact, in which z is the generalized coordinate vector of the internal
friction states of contacts.

2.2 Modeling of the Frictional Contact

In view of the reduction scheme of the bump foil, a general node-to-element contact
framework is adopted in this work to model the frictional contact behavior between the
bump foil and two parallel surfaces. The boundary nodes of the reduced bump foil are
chosen to be the slave nodes of the contacts, and the two parallel surfaces are the master
segments. For a contact pair, the contact force is composed of the normal contact force
fn and tangential friction force ft .

The normal contact force fn is governed by the Hertz contact model as

fn = kδ + cδ̇, (12)

where δ is the penetration depth, as shown in Fig. 2(b), k and c are the normal contact
stiffness and damping, respectively.

The tangential friction force ft is governed by the amended LuGre dynamic friction
model [23]. This model is capable of capturing the Stribeck effect and dealing with
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conditions of significant variations in the normal contact force [24]. A typical form of
the amended LuGre friction model is given as

ft = (σ0zt + σ 1żt + σ2vt)fn, (13)

żt = vt − σ0
|vt |
g(vt)

zt, (14)

where zt is the internal friction state of the contact point, which can be seen as the average
microscopic deflection of the contact surface, while vt is the macroscopical tangential
velocity of the contact point, as illustrated in Fig. 2(b). The function

σ 1 = σ1e
−(vt/ vc)2 , (15)

with a sufficiently small transition velocity vc is applied to make the friction model
passive and well micro-damped [25]. σ0, σ1 and σ2 are the friction stiffness, micro
damping and viscous damping coefficients per unit of normal force, respectively. g(vt)
is a function that captures the Stribeck effect and is expressed as

g(vt) = μk + (μs − μk)e
−(vt/ vs)2 , (16)

where μk and μs are the kinetic friction coefficient and maximum static friction coef-
ficient, respectively, and vs is called the Stribeck velocity. For a constant velocity, the
steady-state friction force ft,s is written as

ft,s = (g(vt)sgn(vt) + σ2vt)fn. (17)

Denoting the generalized coordinate vector of all the internal friction states as z, the
governing equation of the dynamic friction is established as

ż = R(q, q̇, z). (18)

2.3 System Coupling and Solution

Eventually, the governing equations of the system comprise Eq. (11) and Eq. (18).
Denoting the state vector of the system as

y =
⎡
⎣q
q̇
z

⎤
⎦, (19)

the governing equations of the system can be arranged in a fully coupled form as

M(y)ẏ = F(y). (20)

All the state variables are solved simultaneously by the variable-step and variable-
order implicit integrator ode15s in MATLAB [26], and the analytical Jacobian matrix
∂F

/
∂y is implemented to improve the computation efficiency.
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3 Results and Discussions

In this section, the hysteresis behaviors of the bump foil are investigated. The parameters
of the bump foil are listed in Table 1 and the parameters of the friction and simulation
are listed in Table 2.

Table 1. Parameters of the bump foil.

Parameters Values

Bump foil thickness, tb 0.127mm

Bump half length, lb 3.30mm

Bump pitch length, sb 7.00mm

Bump height, hb 0.9mm

Bump foil width, wb 18mm

Number of bumps, Nb 4

Density, ρ 7,800 kg/m3

Young’s modulus, E 207GPa

Poisson’s ratio, ν 0.3

Table 2. Parameters of the friction and simulation.

Parameters Values

Micro damping per normal force, σ1 0.01 s/ mm

Viscous damping per normal force, σ2 0 s/ mm

Transition velocity, vc 1× 10−8 mm/ s

Stribeck velocity, vs 1mm/ s

Normal contact stiffness, k 1× 106 N
/
mm

Normal contact damping, c 1× 102 N · s/mm

Proportional damping coefficient, β 1× 10−4s

Relative tolerance of ode15s, ε 1× 10−6

3.1 Modeling Verification

The modeling of the bump foil structure and the solution strategy are verified in this
subsection by comparing with the test results under dynamic excitation in Ref. [19]. The
excitation is implemented through the sinusoidal amplitude perturbation of the upper
surface. The kinetic and maximum static friction coefficients are both set as 0.2 and
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Fig. 3. Comparison of hysteresis curves under different friction stiffness per normal force with
test result.

the excitation frequency is 1 Hz. The simulation is carried out with different friction
stiffness per normal force σ0, and the results are given in Fig. 3.

As can be seen, with a high friction stiffness per normal force, the hysteresis curve
obviously possesses four stages during one loading-unloading process. Along with the
decrease of the friction stiffness per normal force, the boundaries between the two stages
in loading and unloading processes are increasingly blurred, and the dissipation of energy
(the area of the hysteresis curve) is accordingly decreased. Besides, the simulation results
are in good agreement with the test data, especially for the case of σ0 = 80mm−1.

3.2 Presliding Behavior

To explain the variation trend of hysteresis curves in Fig. 3, the details of the friction are
illustrated in Fig. 4 in the form of normalized friction and velocity of node 2 with the
first half period being the loading process and the second half period being the unloading
process. The friction force is normalized by the maximum static friction force (equal to
the kinetic friction force in this case), and the tangential velocity is normalized by the
product of excitation amplitude and excitation angular frequency.

As can be seen, for a high friction stiffness per normal force, the stick and slip states
are quite distinguishable; that is, when the friction force is less than the maximum static
friction force, the tangential velocity stays low to approximate the stick state. Along
with the decrease of the friction stiffness per normal force, it is more and more difficult
to distinguish the stick and slip states, as there is a considerable tangential velocity even
though the friction force is less than themaximum static friction force. This phenomenon
is physical and is due to the presliding behavior of the contact point. Therefore, the
friction stiffness per normal force σ0 should be chosen based on the experimental data
to capture reasonable presliding behavior.
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Fig. 4. Normalized friction force and tangential velocity of node 2 during loading-unloading
process under different friction stiffness per normal force.

3.3 Stick-Slip States During Loading-Unloading Process

As indicated in Fig. 4, a low friction stiffness per normal force would make it difficult
to distinguish the stick and slip states. So, to investigate the changes in friction states
of contact nodes, a high friction stiffness per normal force σ0 = 1000mm−1 is adopted
in this subsection. The stick state is recognized when the normalized friction force is
higher than 0.99, and the results are plotted in Fig. 5 with four key points.

As can be seen, the high-slope loading curve from key point 1 to 2 is caused by the
stick states of all contact nodes, while the low-slope loading curve from key point 2 to 3
corresponds to slip states of almost all contact nodes. The unloading process is similar
to the loading one except for a longer stick stage. Around key point 2 and 4, the contact
nodes change from the stick state to slip state in sequence, beginning at the free end of
the bump foil. Note that, there would be one or more nodes close to the welded end of
the bump foil that are always stuck.

3.4 Stribeck Effect

In this subsection, the influence of the Stribeck effect on the hysteresis curves is inves-
tigated with σ0 = 80mm−1, µk = 0.1 and µs = 0.2. The simulation is carried out with
different excitation amplitudes under an excitation frequency of 10 Hz. The results are
given in Fig. 6.
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Fig. 5. Changes in stick-slip states of all the contact nodes during loading-unloading process.

As can be seen, when taking into account the Stribeck effect, the hysteresis curves
are dominated by different friction coefficients in different stages. The low-slope loading
and unloading curves are obviously dominated by the kinetic friction coefficient as most
of the nodes are sliding, while the high-slop loading and unloading curves are governed
by the maximum static friction coefficient in the form of extended length. Near the
end of the loading and unloading processes, the tangential velocities of contact nodes
decrease and the friction forces increase, resulting an increasing slope of the curve. This
phenomenon is observed in [19], which means that the Stribeck effect is a prevalent
phenomenon in bump foil structure.
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Fig. 6. Influence of the Stribeck effect on the hysteresis curves with different excitation
amplitudes.

4 Conclusions

The hysteresis behaviors of a bump-type foil bearing structure were investigated in this
paper. The bump foil was modeled by two-node Euler beam elements and reduced by
Guyan reduction method. The amended LuGre friction model was adopted to deal with
the cases of variable normal contact force. All the state variables were solved simulta-
neously in the fully coupled scheme, and the modeling and solution were validated by
experimental data.

It was found that the friction stiffness per normal force controls the presliding behav-
ior of the contact point. Alongwith the decrease of the friction stiffness per normal force,
the presliding behavior is enhanced and it is more and more difficult to distinguish the
stick and slip states, finally resulting a decrease of the energy dissipation of hysteresis
curves. Besides, the high-slope loading and unloading curves correspond to the stick
states of all contact nodes, while the low-slope ones correspond to the slip states of
partial contact nodes close to the free end of the bump foil. Finally, the Stribeck effect
was taken into account and the results showed that the high-slope and low-slope parts
of hysteresis curves are dominated by maximum static friction coefficient and kinetic
friction coefficient, respectively. Moreover, the comparisons of simulation and experi-
mental hysteresis curves indicated that the presliding behavior and Stribeck effect are
prevalent in bump foil structure and should be taken into account in the modeling of the
GFB system.
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Abstract. TBP extraction in nitric acid system is the core purification process
of the wet method for uranium refining and conversion. Reextraction for uranium
refining based on fractionation extraction was proposed, according to the char-
acteristics and requirements of uranium refining extraction. The operation line
and step line of reextraction were obtained through mathematical model, and the
control law is explained. The reextraction bench test was carried out to investigate
the stable operation and the concentration variation of the related components.
The study shows that the reextraction process can run stably. After extraction,
the concentration of uranium in organic phase can reach 120g/L, the extraction
saturation can reach 96.7%, the concentration of uranium in raffinate is less than
10mg/L, and the concentration of impurity components is greatly reduced. Reex-
traction technology can facility the control of uranium refining extraction, which
maintains the state of high saturation vs. low raffinate concentration.

Keywords: Uranium refining · Reextraction · Fractionation extraction · Solvent
extraction · Extraction

1 Introduction

Uranium refining and conversion is the process of further removing impurities and
neutron poisons from natural uranium ore concentrate and making uranium fluoride
reach nuclear grade. Wet uranium refining and conversion process were used in the
majority of countries in the world. First, the uranium concentrate is dissolved by nitric
acid, and then TBP-kerosene extraction method is used in uranium refining, the loaded
solvent can be stripped by hot water (trace nitric acid) or ammonium carbonate solution.
Finally, the loaded strip is prepared into uranium fluoride. The core purification process
of wet uranium refining and conversion is TBP-kerosene/UO2(NO3)-HNO3 extraction.

Compared with other extraction processes, uranium refining extraction has its own
characteristics: high concentration of target components and especially low concentra-
tion of impurities. In order to to reduce the extraction of impurities and achieve a better
purification effect, maintaining a higher extraction saturation of uranium is necessary
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in industry. However, it is difficult to stabilize the operation for negative correlation
between high extraction saturation and low uranium concentration in raffinate. In this
paper, a saturated re-extraction technology based on fractionation extraction is proposed
to solve this problem.

Fractionation extraction is an important extraction technology. Compared with the
conventional multistage countercurrent (or continuous countercurrent) solvent extrac-
tion, fractionation extraction add one or more inlet or outlet. This method is suitable for
the extraction of two or more components which is difficult to separate. Lots of research
of fractionation extraction were shown in other industries [6–12]. Scrub process with
loaded organic phase is necessary for further improving the effect of refining in uranium
refining extraction. Extraction – scrub can also be regarded as fractionation extraction if
scrub raffinate is incorporated into the feed solution. Only extraction process is discussed
in this paper, not including scrub.

2 Theory of Fractionation Extraction

The saturated re-extraction process proposed in this paper is as follows: after extracted
and reextracted through N-level (or continuous) counter-current operation successively,
the stripped solvent become the loaded organic phase of re-extraction, and then the
loaded solvent is recycled by scrubbing and stripping. A certain concentration of feed
solution is prepared for the first stage of extraction and re-extraction respectively. The
reextracted raffinate (N’ raffinate) is returned to prepare the feed solution. The process
is shown in Fig. 1.

The symbols of each part are as follows:
QO——Flow rate of organic phase
QA——Flow rate of the extraction feed solution
QA

′——Flow rate of the reextraction feed solution
QF0——Flow rate of new feed fluid (or imaginary new feed fluid)
x0——Concentration of the new feed solution (or imaginary new feed solution)
xF——Concentration of the extraction and reextraction feed solution
y0——Concentration of stripped solvent
y1——Concentration of loaded solvent after extraction
y1′——Concentration of loaded solvent after reextraction
ξ——Saturation of loaded solvent after extraction
ξ ′——Saturation of loaded solvent after reextraction
N——Stage of extraction
N ′——Stage of reextraction
xi——Concentration of i# grade aqueous in extraction
yi——Concentration of i# grade organic phase in extraction
xj ′——Concentration of j# grade aqueous phase in extraction
yj ′——Concentration of j# grade aqueous phase in reextraction
xN——Concentration of extraction raffinate
xN ′——Concentration of reextraction raffinate
n——Extraction flow ratio, n = QO /QA
n′——Reextraction flow ratio, n′= QO /QA

′
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The flow rate of reextraction aqueous phase is greater than that of extraction, that
means QA

′ >QA, or n′< n. n takes a relatively large parameter so that the uranium
concentration of raffinate can easily reach a lower standard in the extraction part. While,
n’ tend to be taken as a relatively small parameter to improve the saturation of the loaded
solvent in the reextraction part.

3 Results and Discussion

3.1 Extraction Equilibrium Isotherms

Uranium refining extraction is a double-component extraction of nitric acid and uranyl
nitrate from the point of view of constant concentration, and extraction equations are as
follows:

UO2
2
(w) + 2NO2

−
(w) + 2TBPo � UO2(NO3)2 · 2TBPo

H+
(w) + NO3

−
(w) + TBP(o) � HNO3 · TBP(o)

The equations for the equilibrium constants are as follows:

KU = {UO2(NO3)2 · 2TBP}{
UO2+

2

}
· {NO−

3 }2 · {TBP}2
= yUγU

xU · (NO−
3 )2 · γ 3± · T 2 · γ 2

T

KH = {HNO3 · TBP}
{H+}{NO−

3

}{TBP} = yHy
′
H

xH · (
NO−

3

) · γ±′2 · T · γT

The activity coefficient can be calculated:

yU = KUxU
(
NO−

3

)2
T 2γ 3±

yH = ∼
KH xH

(
NO−

3

)
T

F = fU
(1+fH)2

fU = KUxU(2xU + xH)2γ 3±
fH = ∼

KH xH(2xU + xH)

yU = 1
2 [T0 − 1

4F

(√
1 + 8FT0 − 1

)

(1)

yH = fH
1 + fH

(T0 − 2yU) (2)
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yU— Concentration of UO2(NO3)2. 2TBP in organic phase at equilibrium (mol/L)
xU— Concentration of UO2

2+ in aqueous phase at equilibrium (mol/L)
yH—Concentration of HNO3.TBP in organic phase at equilibrium (mol/L).
xH—Concentration of HNO3 in aqueous phase at equilibrium (mol/L).
T— Concentration of free TBP at equilibrium (mol/L).
T0— Concentration of total TBP (mol/L).
γ±— Activity ionic activity coefficients of UO2

2+ and NO3
− in aqueous phase.

γU— Activity coefficient of UO2(NO3)2. 2TBP in organic phase.
γ

′
±— Average ionic activity coefficients of H+ and NO3

− in aqueous phase.

γ
′
H— Activity coefficient of HNO3. TBP in organic phase.

γT—Activity coefficient of TBP.
KU = 63— The equivalent equilibrium constant of uranium.
∼
KH= 0.19— The apparent equilibrium constant of hydrogen ions.
A.M.Pozeh calculated the effect on γ± according to Harend rule in the presence of

nitric acid and other nitrates in aqueous solution. In uranyl nitrate and nitric acid system,
xEQ = (xU + xH/3). According to the data fitting in Fig. 2 the relationship can be
obtained as Eq. (3). According to Eq. (1), (2) and (3), the extraction equilibrium line for
uranium with different nitric acid concentration can be calculated under the condition
that 30%TBP- kerosene is used as extraction agent (Fig. 3).

y = 0.0317x3 + 0.2951x2 - 0.0983x + 0.539

R² = 0.9998

0

0.5

1

1.5

2

2.5

3

0 0.5 1 1.5 2 2.5

γ ±

xEQ / mol·L-1

Fig. 2. The relationship between average ionic activity coefficients γ± and component concen-
tration

γ± = 0.0317xEQ
3 + 0.2951xEQ

2 − 0.0983xEQ + 0.539 (3)
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Fig. 3. Isotherms of uranium extraction at different nitric acid concentrations

3.2 Discussion of Operation Step Line

Operation line of reextraction process is shown in Fig. 4.

Extraction Operating Line 

xF x0 xN’ 

y1 

y1’ 

O 

A 

B 

C 

D 

E 

S 

ReExtraction Operating Line 

Fig. 4. Operation line of reextraction process

In the figure, SA is the extraction line and CB is the reextraction line. The organic
phase is extracted from point S to point A, and then reextracted from point C to point
B. The reextraction feed solution is reextracted from point B to point C and becomes
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reextraction raffinate. The extraction feed solution is extracted from point A to point S
and becomes raffinate. SD is an imaginary operating line when extraction-reextraction
is considered as a whole. The operating line does not represent the actual internal state
of the actual operation, but can represent the state of the feed solution in the import and
export. The operating line is very useful for the research of reextraction process. The
relationship between the length of segment and flow ratio in in reextraction n’, flow ratio
in extraction n, component concentration and flow rate in the Fig. 4 is shown as follows.

CA = xF − x
′
N = QO

QA
′
(
y1′ − y1

) = QO
QA

′BA

EA = x0 − xF = QO
QA

(
y1′ − y1

) = QO
QA

DE

CA
EA

= xF−x
′
N

x0−xF
= QA

QA
′ = n′

n

(4)

Formula (4) shows the internal relationship between concentration and flow rate caused
by the solid-liquid cycle of extraction-reextraction, and it is an important basis for regulat-
ing flow ratio and concentration of extract feed solution. The feed solutionwith 3.5mol/L
nitric acid and 300 g/L uranium is generally used in uranium refining extraction in indus-
try for better effect. Uranium refining extraction is a double-component extraction of
nitric acid and uranyl nitrate from the point of view of constant concentration, and the
concentrations of acid and uranium at all stages of the multistage countercurrent process
are changed. In this study, the uranium extraction equilibrium line with 3.5mol/L nitric
acid was used as the basis of the operation line research. Operation line and step diagram
are shown in Fig. 5 and Table 1 according to different operating conditions.

Figure 5 shows that using extraction-reextraction with N’= 1–2 can improve extrac-
tion saturation greatly. Reextraction technology hardly increase the extraction stages
compared with the common countercurrent extraction technology. The equipment stage
efficiency has a great impact on extraction stage compared with the change of concen-
tration conditions. The inverse of the flow ratio of uranium refining is equal to the slope
of the operation line k≈y1/xF. Only if the slope of the operation line controls within
the range of (124–120) /120 = 3% can the concentration of the organic phase reach to
120–124 g/L. Otherwise, the concentration of the organic phase cannot meet the require-
ments, or the concentration of raffinate exceeds the standard. The operating conditions
are extremely rigor. This problem does not exist in reextraction technology. The control
accuracy range of the extraction section can be preset at about 20%, such as (124–100)
/100 = 24% or (124–108) /108 = 15%, and then the reextraction operation without
special control accuracy can be carried out.

3.3 Continuous Operation and Stability Control Investigation

The feed solution was prepared as 240g/L for extraction-reextraction experiment.
Extraction-reextraction operation line and step diagram are shown in Fig. 6. xF = 240g/L,
y1′=120 g/L, xN < 0.05 g/L, y0 = 0 g/L, extraction flow ratio n = 3, reextraction flow
ratio n ′=1, stage efficiency is 80%. The figure clarifies that N = 6, N’ = 2.

6-stage extraction and 2-stage reextraction operation was used in the experiment
whichwas run continuously for 81h. After stable operation, the concentration of uranium
in extraction loaded solvent (y1), the concentration of uranium in reextraction loaded
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Fig. 5. Operation line and step diagram under different conditions

solvent (y1′) and the concentration of uranium in raffinate (xN) at different times were
obtained. The result is shown in Fig. 7.

Figure 7 clarifies that saturation reextraction technique had a good performance in the
stable operation control of uranium refining. The concentration of uranium in raffinate
keeps low during the whole extraction process, xN is lower than 10 mg/L. the saturated
and reextraction organic phase concentration The average of y1′ was 124 g/L, which was
greater than 120 g/L. The saturation of reextraction loaded solvent ξ’ reached more than
96.7%. The concentration of uranium in export is stable. In addition, the concentration of
uranium in extraction loaded solvent fluctuates between 80 and 100 g/L, which indicate
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Table 1. Countercurrent progression required under different operating conditions

Fig. 6. Operating line and step diagram under test conditions

that the control conditions of extraction partwas not accurate.However, the concentration
of export organic phase can be rapidly increased and kept stable by using saturation
reextraction.

3.4 Purification Effect

The concentration of uranium and impurity components before and after extraction are
shown in Table 2. It indicates that the impurity content of the loaded solvent was greatly
reduced compared with the feed solution, and a good purification effect was achieved
after saturation reextraction.
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Fig. 7. The concentration of uranium at different times

Table 2. Concentration of uranium and impurity components before and after extraction

Experiment 1 Experiment 2

Elements Units xF y1
′ xF y1

′

U g/L 237.59 125.28 241.35 127.03

Ti mg/L 1.84 0.3 1.97 <0.1

Mo mg/L 34.02 0.54 41.85 <0.1

W mg/L 0.64 0.63 0.83 0.42

V mg/L 14.37 0.24 18.37 0.24

Cr mg/L 1.59 1 1.85 0.5

Sb mg/L <1.0 <0.1 0.624 0.8

Nb mg/L <1.0 <0.1 0.305 <0.1

Ru mg/L 8.2 <0.1 4.434 <0.1

Ta mg/L <1.0 <0.1 <0.01 <0.1

B mg/L 1.4 <0.1 1.8 <0.1

Si mg/L <10.0 − <10.0 −
P mg/L 55.9 − 66.5 −
Cl mg/L 6.72 − 5.81 −
Al mg/L 526.9 5.72 539.8 2.7

Ba mg/L <1.0 <0.1 0.318 <0.1

Be mg/L <1.0 <0.1 <0.01 <0.1

(continued)
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Table 2. (continued)

Experiment 1 Experiment 2

Elements Units xF y1
′ xF y1

′

Bi mg/L <1.0 <0.1 <0.01 <0.1

Cd mg/L <1.0 <0.1 0.168 <0.1

Ca mg/L 234.7 163.65 2204.9 17.8

Cu mg/L <1.0 <0.1 0.604 <0.1

Fe mg/L 653.7 7.99 622.8 4.52

Pb mg/L 1.1 <0.1 1.556 <0.1

Li mg/L 1.3 0.47 1.3 0.48

Mg mg/L 132.9 14 126.4 0.7

Mn mg/L 24.3 0.24 23.86 0.24

Ni mg/L 4.8 <0.1 4.1 0.11

K mg/L 82.1 6.98 82 3.34

Na mg/L 9391 61.49 8953 44.13

Ag mg/L <1.0 0.24 <0.1 0.71

Sr mg/L 17.2 0.19 16.5 <0.1

Th mg/L − 6.85 22.42

Sn mg/L <1.0 0.31 <0.01 0.27

Zn mg/L 9 11.3 10.3 1.83

Zr mg/L 64.3 <0.1 33.28 14.56

4 Conclusion

TBP extraction is the core purification process of the wet method for uranium refining
and conversion. In order to achieve better refining results, saturation of uranium extrac-
tion usually keeps high in refining. However, high extraction saturation is not easy to
achieve. High extraction saturation may lead to the excess concentration of uranium in
raffinate. In this study, reextraction for uranium refining based on fractionation extrac-
tion was proposed according to the characteristics and requirements of uranium refining
extraction. The law of reextraction is obtained. 1 ~ 2 stages reextraction operation after
extraction are generally used to achieve higher extraction saturation. Reextraction tech-
nology hardly increase the extraction stages compared with the common countercurrent
extraction technology. The re-extraction bench test shows that the re-extraction pro-
cess can run stably. After extraction, the concentration of uranium in organic phase can
reach 120g/L, the extraction saturation can reach 96.7%, the concentration of uranium
in raffinate is less than 10mg/L, and the concentration of impurity components is greatly
reduced. Reextraction technology can facility the control of uranium refining extraction,
which maintains the state of high saturation vs. low raffinate concentration.
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Abstract. To develop China’s spent nuclear fuel reprocessing, safety analysis of
reprocessing facility is of great importance and high priority. Any methodology
of safety analysis, no matter whether it is in a kind of deterministic analysis,
probabilistic assessment or so-called Integrated Safety Analysis, is beginningwith
the identification and systematic analysis of hazards as the very first essential step.
Recognizing that reprocessing facilities are, to a large extent, chemical processing
plants, HAZard and OPerability analysis (HAZOP) was introduced firstly in the
US. It is featured as one of the most suitable methods for performing detailed
identification of a wide range of hazards.

In this paper, our work on part of the concentration and denitration process
(C/D process) of high-level liquid waste (HLLW) was revealed to exemplify the
procedure of hazard identification and analysis for a typical reprocessing process,
as the C/D process of HLLW has many symbolic features of spent fuel reprocess-
ing, such as high radiation, various chemicals, complex chemical reactions and
operation stages. The purpose of this paper was to test the applicability of HAZOP
for a typical process in reprocessing.

The HAZOP approach was starting with the identifications of process, reac-
tions, equipment, and system borders. Base on the features of the given system
(part), specific elements and guidewords were selected and combined to generate
deviations for different operation stages. The possible causes and consequences
of deviation as well as existing safeguards were taken into consideration. To make
the workflow of HAZOP complete and underscore its significance, a 4-by-5 risk
matrix was established to evaluate the risk levels of all consequences resulted
from deviations, based on the severity of consequence and associated likelihood
of occurrence.

Thefinal resultswere shown in aHAZOPanalysisworksheet, inwhich twenty-
two deviations were presented, revealing the potential hazards found in the C/D
part. After a preliminary risk assessment using a risk matrix, eight of them were
recognized as undesirable risks (only accepted when risk reduction is impractica-
ble). The results verified that the HAZOP analysis was suitable for the processes or
parts involved with high radiation and complex chemical reactions in reprocessing
facilities.

Keywords: Concentration and denitration · Hazop · Risk analysis · High-level
liquid waste
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1 Introduction

With the development of nuclear power, more and more spent fuels have been produced
from nuclear power plants. China’s policy is to have a closed fuel cycle, where spent
fuels are reprocessed for recycling of uranium and plutonium into fresh nuclear fuel
and optimizing the management of radioactive waste [1]. In particular, there has been
an intensive domestic effort in construction and operation of a commercial reprocessing
facility in recent years. Therefore, the safety analysis of reprocessing facility becomes
an issue of high priority in the national program to develop spent fuel reprocessing.

Generally, the recognized methods of deterministic analysis are required to be used
for safety analysis of reprocessing facilities [2]. In parallel, varying degrees of prob-
abilistic assessments for reprocessing facilities have been carried out in several coun-
tries [3–6]. In addition, an Integrated Safety Analysis (ISA) method was developed and
applied in the US reprocessing plants (Idaho Chemical Processing Plant and Barnwell
plant) [7]. And since 2000, the ISA has been authorized to be an indispensable part of
safety analysis for NRC reprocessing facilities [8].

Whatever method of safety analysis is conducted, an identification and systematic
analysis of hazard is always the first essential step. Compared with other hazard identi-
fication methods such as failure mode and effects analysis (FMEA) and safety checklist
(SC), HAZard and OPerability analysis (HAZOP) is suitable to analyze the hazards of
complex chemical processes or facilities [5]. It is featured as one of the most suitable
methods for performing detailed identification of a wide range of hazards. Recognizing
that reprocessing facilities are, to a large extent, chemical processing plants, HAZOP
has been logically extended to address radiological and nuclear criticality hazards.

In our research, the HAZOPmethodology was introduced to identify and analyze the
hazards of a reprocessing facility. Given the limited space available, only part of work
on the concentration and denitration process (C/D process) of high-level liquid waste
(HLLW) was revealed in this paper, since the C/D process of HLLW has many symbolic
features of spent fuel reprocessing, such as high radiation, various chemicals, complex
chemical reactions and operation conditions. The purpose of this paper was to test the
applicability of HAZOP for a typical process in reprocessing.

Therefore, according to the HAZOP application guide [9], HAZOP analysis was
conducted and described in this paper. By a risk matrix, the consequences listed in the
HAZOP analysis worksheet were evaluated and categorized into different risk levels.

2 Description of the C/D Process

2.1 Reprocessing and HLLW Management

All over the world, uranium and plutonium in the spent fuel are recovered by a ver-
sion of the PUREX reprocessing process. The term High Level Liquid Waste (HLLW),
generally implies the raffinate (liquid effluent) from the first extraction cycle of repro-
cessing operations. It contains nitric acid at moderate acidity and greater than 99% of
the nonvolatile fission products, almost all minor actinides, together with impurities
from cladding materials, corrosion products, several tenths of a percent of originally
dissolved plutonium and uranium. Around 5–10 m3 of HLLW is produced per tonne of
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fuel reprocessed. The HLLW is treated to remove any remaining organic solvents and
then concentrated by evaporation to reduce its volume for interim storage in specially
designed waste tanks prior to vitrification. Free nitric acid in HLLW is destroyed by
reaction with formaldehyde during the concentration process (so-call concentration and
denitration process) [10].

2.2 C/D Process

The target concentration after evaporation is corresponding to the equivalent of 110g/Lof
fission products oxide in the concentrated HLLW (concentration factor of 6–20 approx-
imately). The final acidity of HLLW is roughly reduced and stabilized to 2–3 mol/L
[11].

Generally, the C/D process consists of three major parts as (1) receiving and feeding,
(2) concentration and denitration, and (3) off-gas treatment, which are shown in Fig. 1.
The first receiving and feeding part is designed to collect HLLW from the first extrac-
tion cycle of reprocessing operations, and to transfer HLLW to evaporator. The off-gas
treatment part is designed for off-gas decontamination and nitric acid recombination.

In our research, the HAZOP analysis had been done to identify and analyze the
hazards of the above three parts. But only the work on the C/D part would be illustrated
later.

The major equipment in the C/D part is the evaporator (R-01) which is mainly
composed of a kettle type boiler and a bubble-cap-tray decontamination column. The
kettle type boiler is heated by superheated water. The stream evaporated from the top of
column is condensed through the heat exchanger (E-01). A part of the condensate water
is refluxed back to the column to enhance the decontamination performance.

2.2.1 Chemical Reactions

The chemical reactions for denitration between formaldehyde and nitric acid may occur
according to three possible reactions as followed [11]:

At high acidity ([HNO3] > 8 mol/L):

HNO3 + HCHO → 4NO2 + CO2 + 3H2O (1)

At low acidity (0.5 mol/L < [HNO3] < 8 mol/L):

4HNO3 + 2HCHO → 2NO2 + 2NO + 2CO2 + 4H2O (2)

4HNO3 + 3HCHO → 4NO + 3CO2 + 5H2O (3)

Actually, the mechanism of denitration reactions is more complex than the above
reactions since the existence of the induction period [12], which refers to the time
span needed for nitrous acid to be autocatalytically generated in the mixture to reach a
threshold concentration [13]. Because the reactant formaldehyde is added consistently
in the induction period without observable reactions with nitric acid, the accumulated
formaldehyde may result in uncontrolled runaway reactions later, implying an explosive
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boiling in the evaporator and accidental release of radioactivity. Research shows that the
induction period can be reduced to a few seconds when the concentration of nitrous ions
reaching a threshold concentration of about 10–1-10–2 mol/L and by operating at boiling
temperature [12].

2.2.2 Three Operation Stages

HLLW is concentrated in the evaporator operated at constant level in a semi-continuous
mode which means continuous feeding and batch discharging. The complete sequence
of the concentration and denitration procedure is listed below:

a. Start-up stage:

1) Feed HLLW into the evaporator (R-01) through L-01 from the receiving tank
(V-01).

2) Heat HLLW to the boiling point to start evaporation.
3) Add NaNO2 into the evaporator to reach the concentration of 10–1-10–2 mol/L

through L-04.
4) Add formaldehyde into the evaporator through L-05 to start the denitration

reaction.

b. Normal operation stage:

5) Simultaneously feed HLLW (through L-03) and formaldehyde (through L-05)
into the evaporator at a suitable flowrate, keeping the liquid level at constant
level. During this stage, the concentration of HLLW increases consistently.

c. Shut-down stage:

6) Stop HLLW and formaldehyde feeding when reaching the target concentration
of HLLW.

7) Keep heatingHLLWwith total reflux for a few hours to ensure that formaldehyde
has been destroyed.

8) Stop heating HLLW and cool down the evaporator.
9) Transfer the concentrated HLLW to storage tanks.

2.2.3 Potential Difficulties and Monitoring

One major challenge for C/D process is the corrosion risk associated with the acidic
solution and high temperature. In addition, the HLLW contains a wide variety of con-
stituents, some of which can promote attack on the stainless steel commonly used for
evaporator construction in high acidity. The corrosion risk should be controlled because
no direct maintenance operation will ever be possible after the active commissioning.

Reliable monitoring devices are also essentially required for safe operations of the
C/D part. The monitor parameters in this part are listed below [11]. The monitoring
devices are regarded as a sort of safeguard measurements in hazard analysis.
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1) Flowrate of the HCHO and HLLW in L-05 and L-03 respectively.
2) Acidity of the HLLW: acidity of HLLW is measured twice a day by sampling.
3) Liquid level and temperature, pressure inside of the evaporator.
4) Flowrate of the NaNO2.
5) Flowrate of the superheated water and temperature of the superheated water.

Fig. 1. General flow diagram of a HLLW concentration and denitration system [11]

3 Methodology and Framework

3.1 HAZOP Methodology

3.1.1 HAZOP Analytical Procedures

HAZOP is a structured and systematic technique for hazard identification. As an induc-
tive tool, HAZOP is often used for identifying a broad range of potential hazards in a
system and operability problems likely resulting in nonconforming products.

Generally, the HAZOP analysis process is executed in four phases: (1) definition,
(2) preparation, (3) examination, and (4) documentation and follow-up. As the core part
of the entire task, the examination phase consists of several major steps as followed.

1) Divide a system into parts, select a part and define design intent.
2) Identify deviation by using guidewords on each element.
3) Identify possible causes and consequences.
4) Identify existing safeguards or protections.
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In contrast to HAZOP application guide [9], the step “identify whether a significant
problem exists” was excluded from the examination phase. Instead, a risk matrix was
established to assess the risks resulted from each consequence/deviation. In addition,
some recommendations were proposed for further risk reduction when necessary based
on the results of risk assessment.

3.1.2 Elements and Deviations

The selection of elements to be examined is to some extent a subjective decision. For
material transferring parts, materials, activities, sources, and destinations can be viewed
as elements of the part. For procedural sequence parts, elements may be selected from
discrete steps or stages.

The guideword is a specificword or phrase in theHAZOPmethod used to describe the
deviation from design intent. The standard HAZOP guidewords in the process industry
include “no”, “more”, “less”, “as well as”, “part of”, “other than” and etc.

Each deviation is then proposed by combining the guideword with the element.
Not all combinations will generate credible deviations when all guide word/element
combinations are considered. If a credible deviation is identified, it is examined for
possible causes and consequences. In our research, causes are only examined in the
same part and the consequences can be found in all parts. Then, existing safeguards are
also taken into consideration.

3.2 Risk Assessment

In our research, risk is defined as the combination of the likelihood of occurrence of
consequence and the severity of that consequence. Risk matrix is a matrix that is used
during risk assessment to define the level of risk by considering the category of likelihood
against the category of consequence severity. The categories of likelihood of occurrence
and severity of consequence were listed in Table 1 and Table 2.

Table 1. Qualitative likelihood classification [14]

Description Likelihood Range(/year) Definition

L4 >10–2 Events that may occur several times during the
lifetime of the facility

L3 10–4−10–2 Events that are not anticipated to occur during the
lifetime of the facility

L2 10–6-10–4 Events that will probably not occur during the
lifetime of the facility

L1 < 10–6 Events are so unlikely that they generally do not
require special controls
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Table 2. Severity classification [15]

Description Definition

C1
Negligible

Negligible effect on the safety operation, but deserves close attention, but no
safety concerns for the facility workers, as well as no environmental effect

C2
Minor

Potential effects on the safety operation of the facility, but no safety concerns
for the facility workers, as well as no environmental effect

C3
Moderate

Potential significant damage of the evaporator, partial loss of function or
negligible safety concerns for the facility workers, and no significant
environmental effect outside the facility confinement systems

C4
Serious

The loss of use of the evaporator or low radiological exposure dose
consequences to the facility workers, and limited environmental discharge of
hazardous material outside the facility

C5
Critical

The integrity of the evaporator has been damaged with potential significant
radiological dose consequences to on-site workers located outside the facility,
and large environmental discharge of hazardous material within or outside the
plant site boundary

A 4 by 5 risk matrix was showed in Fig. 2. There are four different colors – green,
yellow, orange, and red – to distinguish the risks according to the likelihood that they
will happen and the extent of the damage they would cause. As shown in Table 3, the
green zone denotes that the risk is reasonably acceptable, the yellow zone denotes risk
that is acceptable with control, and the orange and red zones denote undesirable risk and
intolerable risk, respectively [16].

By application of risk matrix, the hazards identified by HAZOP analysis can be
further classified. Based on the classified risk, some recommendations were proposed
for further risk reduction when necessary.

Fig. 2. Risk matrix [16]
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Table 3. Risk matrix [16]

Risk level Risk description Risk qualitative description

Red Intolerable Risk must be mitigated; either decreases the probability
or relieves the consequences

Orange Undesirable Undesirable and only accepted when risk reduction is
impracticable

Yellow Acceptable with control Acceptable after review, and regular safety assurance
measurement shall be imposed

Green Reasonably acceptable Risk reduction not needed

4 Results and Discussions

Table 4. Deviations of the concentration and denitration part

Stage No. Guideword Element/Characteristic Deviation

Start-up 1 Less Add HLLW into the
evaporator

Too little HLLW added
into the evaporator

2 More Add HLLW into the
evaporator

Too much HLLW added
into the evaporator

3 More Heat the HLLW High heating power

4 Less Heat the HLLW Low Heating power

5 More Add NaNO2 into the
evaporator

Too much NaNO2 added
into the evaporator

6 Less Add NaNO2 into the
evaporator

Too little NaNO2 added
into the evaporator

7 More Add HCHO into the
evaporator

Too much HCHO added
into the evaporator

8 Less Add HCHO into the
evaporator

Too little HCHO added
into the evaporator

9 Other than Add HCHO into the
evaporator

HCHO added before
NaNO2 into the
evaporator

Normal operation 10 More Feed HLLW into the
evaporator

Increased flowrate of
HLLW

11 Less Feed HLLW into the
evaporator

Reduced flowrate of
HLLW

12 More Feed HCHO into the
evaporator

Increased flowrate of
HCHO

(continued)
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Table 4. (continued)

Stage No. Guideword Element/Characteristic Deviation

13 Less Feed HCHO into the
evaporator

Reduced flowrate of
HCHO

14 More Heat the HLLW High heating power

15 Less Heat the HLLW Low heating power

16 More A part of the condensate
water is refluxed to the
column

Too much condensate
water refluxed to the
column

17 Less A part of the condensate
water is refluxed to the
column

Too little condensate
water refluxed to the
column

Shut-down 18 Other than Stop HLLW and
formaldehyde feeding
into the evaporator

Continue feeding HLLW
into the evaporator

19 Other than Stop HLLW and
formaldehyde feeding
into the evaporator

Continue feeding HCHO
into the evaporator

20 More Keep heating with total
reflux for a few hours

Keep heating HLLW
longer than designed time

21 Less Keep heating with total
reflux for a few hours

Keep heating HLLW
shorter than designed
time

22 Other than Transfer concentrated
HLLW and insoluble
matter to storage tanks

Insoluble matter
deposited at the bottom
of the evaporator (R-01)

Table 4 listed the deviations in the concentration and denitration part. The results of
the HAZOP analysis and risk assessment by risk matrix were recorded in the HAZOP
analysis worksheet shown in Table 5.
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5 Conclusions

The concentration and denitrition process has some symbolic features of spent fuel
reprocessing, such as high radiation, various chemicals, complex chemical reactions
and operation stages. The HAZOP analysis method was applied in the C/D process.
Twenty-two deviations, which were generated by combining elements with guidewords,
revealed some potential hazards in the C/D part. After a preliminary risk assessment
with the risk matrix, eight of them were recognized as undesirable risks (only accepted
when risk reduction is impracticable). The results verified that the HAZOP analysis were
suitable for the processes or parts involved with high radiation and complex chemical
reactions in reprocessing facilities. More and deeper efforts will be needed in the future
to improve the performance of HAZOP for identification and analysis of the hazards in
a spent fuel reprocessing facility.
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Abstract. The fuel shape and flow path structure of the plate-type fuel reactor are
different from those of the conventional rod-bundle reactor, which leads to the dif-
ference between the thermal-hydraulic phenomenon and thermal conduction in the
rod bundle assembly. Therefore, in this thesis, the subchannel analysis model and
code applied to the plate-type fuel reactor are developed. The calculation results of
the code are compared with the simulation results of FLUENT and MATRA and
the experimental results of the flow and heat transfer of the rectangular channel,
so that the code is verified.

This thesis first fully investigated the thermal-hydraulic and friction models
applicable to rectangular flow channels, and developed the plate-type fuel heat
conduction model and flow redistribution model. On the basis of the existing two-
fluid three-field subchannel code, the subchannel analysis software for the plate
type fuel reactor was developed. The comparisonwith the rectangular channel heat
transfer experiment shows that the code can accurately predict the heat transfer
coefficient under the rectangular channel. The comparison and verification with
the simulation calculation results of theMTR reactor under steady-state conditions
with the FLUENT and MATRA codes show that the developed subchannel code
can simulate the thermal-hydraulic phenomena of the plate fuel assembly. Finally,
according to the calculation results of the MTR reactor by the code, the thermal-
hydraulic characteristics of the plate fuel reactor are analyzed, and the safety of
the plate fuel is evaluated.

Keywords: Plate-type fuel · Multi-field subchannel model · Rectangular channel

1 Introduction

Compared with the traditional rod-type fuel, the plate-type fuel has obvious advantages,
which is mainly achieved in the higher heat flux under the same volume, which also
means that the plate-type fuel reactor has higher power under the same volume. From
the perspective of thermal-hydraulics, the flow channel of plate-type fuel is a narrow
rectangular channel, its size is usually between 1 mm and 3 mm, which has a certain
strengthening effect on convective heat transfer, and its heat transfer efficiency is higher
than that of rod-type channel. In addition, plate-type fuel can obtain higher burn up depth
than rod fuel. In conclusion, the application of plate fuel improves the economy of the
reactor.
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The earliest use of plate-type fuel is MTR reactor [1] (material test reactor), which
uses U-Al alloy plate-type fuel. After that, MIT built MITR reactor for the purpose
of research and education [2], and Indonesia built the reactor RSG-GAS for material
testing and radioisotope production [3]. China advanced research reactor (CARR) is
a pool reactor, which is cooled by light water and moderated by heavy water. These
reactors have the same characteristics, that is, to increase the heat transfer area between
the fuel plate and the coolant as much as possible by arranging ribs on the fuel plate and
using curved fuel plate.

From the above application of plate-type fuel, it can be seen that the use of plate-type
fuel as reactor fuel is mainly due to the compact core structure and high power density of
plate-type fuel. Therefore, the research on thermal-hydraulics of plate-type fuel mainly
focuses on how to take more heat away. Generally, the coolant channel in plate-type fuel
is rectangular channel, which belongs to narrow channel. Therefore, a lot of research
work has been done on the flow and heat transfer characteristics of narrow rectangular
channel.

1.1 Research Status of Flow and Heat Transfer in Rectangular Channel

The flow and heat transfer characteristics of narrow rectangular channel is one of the
concerns of plate-type fuel research. The research on it can provide reference and verifi-
cation for the design of plate-type fuel element. Generally, for plate-type fuel elements,
the channel shape is narrow rectangular channel, and the channel gap is generally 2–3
mm, some even less than 2 mm.

In terms of flow resistance, Ha Taesung of McMaster University studied the velocity
distribution and friction resistance characteristics in the flow passage when coolant
enters the fuel assembly from the upper part [4]. The experimental results show that
the inlet flow distribution is uniform in different channels, and the maximum difference
is less than 5%; In a single channel, the velocity in the middle of the channel is the
largest, and then slowly attenuates, and rapidly attenuates to 0 near the outside of the
channel. Through the calculation of pressure drop in the channel, the results show that
the conventional friction resistance relationship is also suitable for rectangular channel.

In terms of flow pattern, Chang of Shandong University measured the gas-liquid
two-phase flow pattern on the heating experimental bench with rectangular channel
width of 0.5 mm to 2.0 mm respectively. The results show that the void fraction is
about 0.7 in the transition from isolated or confined bubble to plug flow and about
0.9 in the transition from plug flow to annular flow. Wang observed the flow pattern
characteristics of hydrodynamic boiling in vertical narrow rectangular channel under the
conditions of low pressure and inlet temperature supercooling. Four flow patterns were
observed: diffuse bubble flow, combined bubble flow, agitated flow and annular flow.
The experimental data were compared with the existing typical flow pattern diagrams.
The results show that the flow pattern of heating steam-water and its transformation law
are obviously different from that of adiabatic air-water.

In terms of heat transfer, Sudo used JRR-3 reactor fuel elements to carry out experi-
mental research on single-phase heat transfer in rectangular channel [5]. By comparing
the experimental results, it can be seen that the Dittus-Bolter, Sider-Tate and Colburn



Development of Subchannel Code for Plate-Type Fuel Plus Verification 383

relations are suitable for single-phase heat transfer in rectangular channel, but the rela-
tions used in laminar flow are different from those used in circular tube, and the Nusselt
numbers of upflow and downflow are also different. Qiu of Xi’an Jiaotong University
studied the characteristics of saturated boiling heat transfer in horizontal rectangular
channel. The experimental results show that the heat transfer coefficient of rectangular
channel is significantly higher than that of circular tube in laminar and turbulent regions.
When the gap size is less than 1.5 mm, the heat transfer effect is obviously weakened,
while when the gap size is more than 1.5 mm, the gap size has no obvious effect on the
heat transfer effect. Tian studied the heat transfer characteristics of rectangular channel
under natural convection. The results show that in the case of natural circulation con-
vective heat transfer, the decrease of inlet subcooling has a weakening effect on heat
transfer, and the heat transfer capacity will be improved with the increase of heating
power. Moreover, the experimental results show that the Gnielinski relation [6] can be
used to predict the heat transfer coefficient under natural circulation.

Through the investigation of the flow and heat transfer characteristics of rectangular
channel, it can be concluded that the flow and heat transfer in rectangular channel is
different from the traditional round tube and rod bundle, mainly in the enhancement of
heat transfer in narrow channel.

1.2 Research Status of Plate-Type Fuel Code Development

In the reactor design stage, the design parameters often need to be calculated with the
help of thermal-hydraulic analysis code, and the simulation code can also verify the exist-
ing design. The thermal hydraulic code can also be used to study specific phenomena
and provide direction for experimental research, Therefore, the development of thermal
analysis code for plate-type fuel reactor plays an important role in reactor construction
and academic research. In the world, many countries, including China, have indepen-
dently developed codes suitable for plate-type fuel. The developed codes are shown in
Table 1.

In the design stage, the thermal-hydraulic analysis code is used to obtain the design
parameters and predict the state of the reactor, so as to verify, evaluate and modify
the existing design. The commonly used thermal-hydraulic analysis methods include
computational fluid dynamics method, single-channel analysis method and subchannel
analysis method. Although computational fluid dynamics (CFD) can obtain fine parame-
ter distribution, it is difficult to simulate the reactor scale, and the two-phase calculation
needs to be strengthened; Although the single-channel analysis method has a small
amount of calculation, it is unable to obtain the distribution of core thermal parameters;
The subchannel analysis method considers that there are transverse momentum, mass
and heat mixing in the process of coolant flow between adjacent channels. Therefore,
compared with the single-channel model, the calculation results are closer to the real
parameters, and the thermal parameters of the core can be obtained with less calculation.

According to the literature research, at present, most of the international plate-type
fuel analysis codes use single-channel models to verify and analyze accident conditions.
For the subchannel model, there is only the MATRA-h subchannel analysis code devel-
oped by South Korea on the basis of MATRA, and there is no subchannel analysis code
for plate-type fuel in China. However, under the requirements of refined analysis and
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Table 1. The existing thermal hydraulic analysis code for plate-type fuel

Name Country Model

PARET-ANL America Single-channel

RELAP5 America Single-channel

MERSAT Syria Single-channel

TMAP South Korea Single-channel

COOLOD Japan Single-channel

MATRA-h South Korea Subchannel

RETRAC-PC Italy Single-channel

FOR-CONV Egypt Single-channel

SAC-RIT India Single-channel

THAS-PRR China Single-channel

under the background of nuclear power software autonomy, the development of sub-
channel analysis code suitable for plate-type fuel can obtain more accurate and refined
thermal hydraulics than single-channel models. The results of the analysis are also help-
ful for the verification and analysis of the experimental research reactors that have been
built and are in the design stage in China. For the above purposes, it is necessary to
develop the best estimation code for the analysis of plate-type fuel subchannels with
independent property rights.

2 Development of Plate-Type Fuel Subchannel Code

The code reads in the geometric structure information, boundary conditions, control
information and other parameters needed for the calculation in the form of an input card.
In the initialization phase, the read-in data is used to construct a geometric model and
set boundary conditions. After the initialization is completed, the solution process of the
code starts. First, use the initial input mass flow to perform transient calculations, and
then redistribute the inlet flow after the transient calculations are completed, until the
pressure drop of each subchannel is in a balanced state. In each transient calculation,
the calculation is ended by judging whether the steady-state convergence condition is
reached or the calculation time is reached. In transient calculations, discrete conserva-
tion equations are solved by the SIMPLE algorithm. After the transient calculation is
completed and the pressure drop of the subchannel is balanced, the calculation result
will be output. The calculation process of the code is shown in Fig. 1.

2.1 Basic Conservative Equations

The conservation equations coded are presented in this section. The basic equations of
the mathematical model are derived by applying the general equations of continuity,
energy, and momentum. The equations are:
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The first term at left is the change in mass of each phase in the control body over
time, and the second term at left is the convection term.
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The first term at left is the change of momentum in the control body over time,
the second, third, and fourth terms are momentum convection; the first term at right is
gravity, the second is pressure, and the third is viscous force and turbulent shear force.

Energy:
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The first term at left is the change of energy in the control body over time; the second
term is the energy convection term. The first term at right side of the equation is the heat
exchange caused by heat conduction between phases, turbulence mixing and cavitation
drift, the second term is the energy change caused by the phase change; the third term
is the energy entering the fluid due to wall heating; The fourth item is pressure doing
work.

2.2 Constitutive Models

The wall heat transfer model determines the heat transfer coefficient between fluid and
fuel, and directly affects the temperature distribution in the whole core. According to
the relationship of void fraction, enthalpy and temperature, the heat transfer modes can
be divided into single-phase liquid heat transfer, subcooled boiling, saturated boiling,
transitional boiling, annular boiling, dispersed flow and single-phase steam heat transfer.

For single-phase fluid heat transfer, the relationship proposed by Dittus-Boelter [2,
7] is used:

Nu = 0.023Re0.8 Pr 0.4 (4)

For subcooling and saturated nucleate boiling, use the relationship proposed by Chen
[8]:

hChen = hfc + hnb (5)
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Fig. 1. Evaluation scheme of the subchannel code
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For the heat transfer coefficient after transitional boiling, the heat transfer effect of four
parts should be considered: convective heat transfer on the wall qwv, boiling heat transfer
on the liquid qwb, radiative heat transfer on the wall qrwl and radiative heat transfer on
the wall qrwv.

q = qwv + qwb + qrwv + qrwl (8)

In particular, under the annular flow, the modified Bromley relationship is used to
calculate the heat flux [9]

q = 0.62

(
De

λ

)0.172
[
k3gρg(ρf − ρg)HfgG

Deμg(Tw − Tsat)

]0.25

(Tw − Tsat) (9)

In forced convection heat transfer, when the heat flux density is so high that it is
difficult for the liquid phase to wet the heating surface, the peak heat flux density at this
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time is called the Critical Heat Flux (CHF). This paper uses the Sudo relationship [10] to
determine the occurrence of CHF.
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CHF1 = 0.005

∣∣G∗∣∣0.611 (10)
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For ascending flow, if qCHF1 <= qCHF3, then qCHF = qCHF3. If qCHF1 <= qCHF2, then
qCHF = qCHF4. In other cases, qCHF = qCHF1.

For descending flow, if qCHF2 <= qCHF3, then qCHF = qCHF3. If qCHF1 <= qCHF2,
then qCHF = qCHF4. In other cases, qCHF = qCHF2.

For the flow pattern before CHF, since it is assumed that the vapor phase does not
contact the wall surface, the friction force between the vapor phase and the wall surface
is set to zero. After CHF, the Darcy friction resistance coefficient can be calculated using
the following formula:

fw,k = max

{
(96.0/Re )(μw/μk)

0.14

0.316Re−0.25 (14)

2.3 Flow Distribution Model

The traditional flow distribution method using fixed step iterations judges whether the
balance is reached by the difference between the maximum pressure drop and the aver-
age pressure drop in the subchannels. If the balance is not reached, the flow needs to
be redistributed. This method requires multiple iterations, which greatly increases the
calculation time.

Therefore, a new flow distribution method is proposed to distribute the flow of each
subchannel. This method regards the subchannel pressure drop as a linear function of
the flow rate, and predicts the subchannel inlet mass flow rate for the next flow iteration
by means of a fitting relationship. The function is as follows.

�Pn
i = an + bnWn

i (15)

In the calculation, the linear function of the iteration step is solved for each sub-
channel, and a new mass flow rate is obtained from the average pressure drop, as
follows:

Wn+1
i = Pn

ave − an

bn
(16)
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2.4 Special Heat Conduction Treatment of Side Cladding

Since the plate-type fuel has a cladding on the side, as shown in Fig. 2, if the closed
subchannel is calculated, the heat conduction of this part of the cladding does not need
to be considered. If the opened subchannel is calculated, the heat conduction of the
side shell for the subchannel needs to be calculated, otherwise the energy will not be
conserved.

The gray part in Fig. 2 is the side cladding. For the side cladding, after solving
the heat conduction of the pellets (using the additional source term method), the heat
entering the side cladding is obtained explicitly.

Fig. 2. Diagram of side cladding

Tsc =

n∑
i=1

biRi + qchn

n∑
i=1

Ri + hchn

(17)

For the nodes in the core block that are in contact with the side bread shell, use the
additional source termmethod to subtract the heat derived from the side bread shell. The
source term is as follows:

b = q�x + a(Tsc − Ti) (18)

3 Verification of Plate-Type Fuel Subchannel Code

The State Key Laboratory of Multiphase Flow at Xi’an Jiaotong University carried
out experiments on the flow resistance and heat transfer performance of the double
rectangular narrow slits between the plate-type fuels. The overall length of the narrow
slit part of the test piece is 1200 mm, the effective heating section length is 900 mm, and
the effective pressure measurement length is 1000 mm; the entrance has a stable section
of 150 mm, the exit has a stable section of 50 mm, and the plate thickness is 0.7 mm. The
cross-sectional size of the circulation channel is 50 mm × 1.8 mm; the processed test
piece is measured by a spiral micrometer, and its average gap width is 1.806 mm, which
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does not exceed 0.4% of the design value. Use the developed plate-type fuel subchannel
code to simulate the above experiment.

In order to verify the influence of the mass flow rate on the heat transfer coefficient,
the method of variable-controlling is adopted. The experimental conditions are shown
in Table 2. The mass flow rates are 600, 800, and 1000 kg·m−2·s−1.

Table 2. Boundary condition

Boundary condition Value

Heat Flux / kW·m−2 320

Inlet temperature / °C 60

Pressure / MPa 0.1

The developed plate-type fuel subchannel code is used to calculate the heat transfer
coefficient, which is divided into 90 nodes along the axial direction. The comparison
between the heat transfer coefficient along the axial position and the experimental results
is shown in Fig. 3.

Fig. 3. Comparison between calculated and experimental values of heat transfer coefficient under
the influence of mass flow rate

The heat transfer area calculated in Fig. 3 includes the stages from single-phase heat
transfer, subcooled boiling to saturated boiling. There is a sudden jump in the calculated
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value of the subchannel code, which is caused by the switch of the heat transfer relation-
ship from subcooled boiling to saturated boiling. In the single-phase liquid heat transfer
phase, the heat transfer coefficient calculated by the code is in good agreement with the
experimental data; in the subcooled boiling and saturated boiling phases, although the
heat transfer coefficient calculated by the code has a certain difference with the exper-
imental data, the trend is still in good agreement. It can be seen from Fig. 3 that as
the mass flow rate increases, the position where the saturation point appears gradually
moves upward.

4 Subchannel Analysis of a MTR Bundle

In this section, theMTR reactor is used as a steady-state analysis and verification model.
The schematic diagram of the fuel assembly is shown in Fig. 4.

There are 25 fuel assemblies in the MTR core, each of which contains 23 fuel plates
placed at equal intervals; there are 4 control body assemblies, each of which contains
17 fuel plates.

Figure 4 shows part of the structure of the standard assembly. The geometric param-
eters of the flow channel and fuel plate are shown in Table 3. The physical parameters
used in the calculation are shown in Table 4.

Fig. 4. The structure of the plate-type fuel in MTR reactor

In the calculation, it is assumed that the body heat sources in the fuel plate are
uniformly distributed, and the power along the axial direction is considered to be a
cosine distribution.

Song from Harbin Engineering University calculated the outlet temperature of MTR
reactor assembly by FLUENT. The calculation area used is shown in red area in Fig. 4.
In the red area, there are two fuel plates and three subchannels from top to bottom. The
calculation results of the developed subchannel code are compared with the calculation
results of FLUENT, and the results are shown in Table 5.
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Table 3. Geometry of the fuel

Parameter Value

Total length/mm 80.0

Total width/mm 76.0

Total height/mm 600.0

Number of fuel plates in fuel assembly 23/17

Thickness of single fuel plate /mm 0.51

Width of single fuel plate /mm
Active region / Full region

63.0/66.5

Height of single fuel plate /mm 600.0

Coolant flow path thickness /mm 2.23

Cladding thickness of fuel plate /mm 0.38

Table 5 shows that under the same conditions, the relative error between the results
of the developed subchannel code and that of FLUENT is less than 0.05%, which is in
good agreement with each other. The difference between the results of the subchannel
code and that of the CFD is mainly due to the fact that the heat conduction of the fuel
plate is not considered in the CFD, so there is a little difference in the heat distribution,
but the total energy is conserved.

Table 4. Parameters related to MTR

Parameter Value

Fuel thermal conductivity
/W·m−1·K−1

158 High enriched uranium 50 Low enriched uranium

Enthalpy of fuel /kJ·kg−1·K−1 0.728 High enriched uranium 0.34 Low enriched uranium

Fuel density /kg·m−3 680 High enriched uranium 445 Low enriched uranium

Cladding thermal conductivity
/W·m−1·K−1

180

Enthalpy of cladding
/kJ·kg−1·K−1

0.892

Cladding density /kg·m−3 2700

Coolant inlet temperature /°C 38.0

Operating pressure /MPa 0.17
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Table 5. Outlet temperature of the channel calculated by CFD and subchannel code

CFD Subchannel code

Subchannel 1 2 3 1 2 3

Inlet temperature /K 311.15 311.15 311.15 311.15 311.15 311.15

Outlet
temperature /K

324 323.81 317.94 324.17 324.18 317.62

Temperature difference /K 12.85 12.66 6.79 13.02 13.03 6.47

Amgad Salama [11] of South Korea used the subchannel code MATRA to calculate
the axial variation of coolant and cladding temperature in MTR reactor under steady-
state conditions. The calculation area used by Salama is the yellow area in Fig. 4, which
is a quarter of the flow channel.

The calculation model used in the developed code is shown in Fig. 5. It contains a
complete fuel plate and two flow channels. The width of the flow channel is half of the
actual width, which is equivalent to four times of the calculation area of Amgad Salama.
During the modeling process, the single channel is divided into three subchannels, as
shown in Fig. 5.

The results of cladding temperature distribution and coolant temperature distribution
are shown in Fig. 6. The results of coolant temperature and fuel cladding temperature
are the same due to the same heating conditions and flow rate of the three subchannels
divided by the same channel, so the calculation results of subchannel 2 were used.

Fig. 5. Diagram of subchannel code modeling

Figure 6 shows that the temperature distribution of the cladding is very close between
MATRA and the developed subchannel code under the approximate operating condi-
tions. In Fig. 6, the coolant temperature predicted by Matra is slightly lower than the
developed subchannel code, which may be due to the difference in the calculation of
total power estimation. In this example, because the pressure difference between the
subchannels is the same, there is almost no transverse flow between the subchannels. In
conclusion, the developed subchannel code can be used for thermal hydraulic analysis
of plate-type fuel reactor.
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(a)  Distribution of cladding temperature 

(b)  Distribution of coolant temperature 

Fig. 6. Temperature distribution along the axis

5 Results

Plate-type fuel is widely used in different reactors due to its high heat transfer efficiency.
Its fuel shape and flow path structure are different from those of traditional pressurized
water reactor, which leads to different thermal hydraulic phenomena and temperature
field distribution in fuel. In order to obtain the thermal-hydraulic characteristics in the
rectangular channel, this paper conducts related research on the thermal-hydraulic char-
acteristics in the rectangular channel, and develops a subchannel analysis model and
code suitable for plate-type fuel reactors.

This article first fully investigated the flow heat transfer, friction model, plate-type
fuel heat conduction model and flow distribution model suitable for rectangular flow
channels. Based on the existing two-fluid three-flow field subchannel code, a subchannel
analysis code suitable for plate-type fuel reactors has been developed. After that, the
comparison with the flow and heat transfer experiment in the rectangular channel shows
that the code can accurately predict the heat transfer coefficient under the rectangular
channel. The comparison and verification with the simulation calculation results of
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the MTR reactor show that the developed subchannel code can simulate the thermal-
hydraulic phenomena of the plate-type fuel assembly.

According to previous studies, the parametric uncertainty such as theoretical and
experimental analysis uncertainties, instrumentation and control inaccuracies, manufac-
turing tolerances, material properties and correlation uncertainties have effect on the hot
channel, so in the further study, the parametric uncertainty will be analyzed to make the
analysis more realistic.

References

1. IAEA. Research Reactor Core Conversion from the Use of Highly Enriched Uranium to
the Use of Low Enriched Uranium Fuels Guidebook. Vienna, Austria: International Atomic
Energy Agency (1980)

2. Chiang, Y.: Thermal Hydraulic Limits Analysis for the MIT Research Reactor Low Enrich-
ment Uranium Core Conversion Using Statistical Propagation of Parametric Uncertainties.
Massachusetts Institute of Technology, Boston, USA (2012)

3. Abdelrazek, D., Naguib, M., Badawi, A., et al.: Benchmarking RSG-GAS reactor thermal
hydraulic data using RELAP5 code. Ann. Nucl. Energy 70, 36–43 (2014)

4. Ha, T., Garland, J.: Hydraulic study of turbulent flow in MTR-type nuclear fuel assembly.
Nucl. Eng. Des. 236(9), 975–984 (2006)

5. Sudo, Y., Miyata, K., Ikawa, H., et al.: Experimental study of differences in DNB heat flux
between upflow and downflow in vertical rectangular channel. J. Nucl. Sci. Technol. 22(8),
604–618 (1985)

6. Gnielinski, V.: New equations for heat and mass transfer in turbulent pipe and channel flow.
Int. Chem. Eng. 16(2), 359–367 (1976)

7. Singh, T., Kumar, J., Mazumdar, T., et al.: Development of neutronics and thermal hydraulics
coupled code–SAC-RIT for plate type fuel and its application to reactivity initiated transient
analysis. Ann. Nucl. Energy 62, 61–80 (2013)

8. Chen, J.: Correlation for boiling heat transfer to saturated fluids in convective flow. IEC
Process Design Developm. 5(3), 322–329 (1966)

9. Bromley, L.: Heat transfer in stable film boiling. Chem. Eng. Prog. 46, 226–230 (1950)
10. Sudo, Y., Kaminaga, M.: A New CHF Correlation Scheme Proposed for Vertical Rectangular

Channels Heated from Both Sides in Nuclear Research Reactors[J]. J. Heat Transfer 115(2),
426–434 (1993)

11. Salama, A., El-, S.E.: CFD Simulation of the IAEA 10MW Generic MTR Reactor Under
Loss of Flow Transient[J]. Ann. Nucl. Energy 38(2), 564–577 (2011)



Development of Subchannel Code for Plate-Type Fuel Plus Verification 395

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.

http://creativecommons.org/licenses/by/4.0/


Multi-Physics Coupling Model for Thermal
Hydraulics and Solute Transport

in CRUD Deposits

Yan Liu1, Xiaojing Liu1(B), Sijia Du2, Jiageng Wang2, and Hui He1

1 Shanghai Jiao Tong University, Shanghai, China
xiaojingliu@sjtu.edu.cn

2 Nuclear Power Institute of China, Chengdu, Sichuan, China

Abstract. The porous Chalk River Unidentified Deposit (CRUD) depositions on
the fuel cladding have a great impact on the heat transfer and power distribution of
the reactor, resulting in a decrease in reactor safety and economy. In current paper,
a multi-physics model is developed to simulate thermal hydraulics and boron
hideout within the CRUD depositions. Processes including heat transfer, pressure
drop, capillary flow, solute transport, chemical reactions and radiolysis reactions
are fully coupled. The coolant flows through the capillary tubes in the porous
medium and evaporates into steam at the surface of chimneys. The solute diffuses
into the porous medium by capillary flow and maintains its chemical equilibrium.
Chemistry and thermal hydraulics are coupled by saturation temperature that varies
with solute concentrations. The newmodel can reasonably predict the distributions
of temperature, pressure, Darcy velocity and chemical concentrations. This model
shows the effect of evaporation at the chimney surface on CRUD temperature and
boric acid concentration. In addition, the results show that boron hideout is caused
by the accumulation of boric acid and the precipitation of Li2B4O7 at the bottomof
CRUD. The influence of morphology parameters such as porosity, thickness, and
chimney geometry on heat transfer and solute transport within CRUD depositions
is also evaluated.

Keywords: CURD · Boron hideout · Cips · Multi-Physics coupling

1 Introduction

The pressurized water reactor (PWR) core has been in a harsh environment of high
temperature, high pressure and high radioactivity. The fuel performance of PWR core
is a key factor affecting the safety and economy of the reactor. During the operation of
nuclear reactors, the steam generator heat transfer tubes, the largest heat transfer area in
the primary coolant circuit, are continuously scoured and eroded by the high-pressure
subcooled coolant, producing a large number of oxidation corrosion products. Driven
by subcooled boiling, metal ions and corrosion products in the primary coolant circuit
deposit on the surface of the fuel cladding at the upper part of the reactor core, forming
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a thin and porous scale layer, named as Chalk River Unidentified Deposit (CRUD) [1],
shown in Fig. 1.

On the one hand, the thermal resistance of the fuel rods increases and the heat transfer
deteriorates as a result of the deposition of corrosion products. On the other hand,
the loose and porous CRUD depositions can strengthen local boiling, and the boric
acid is continuously concentrated until precipitated and adsorbed by the depositions,
resulting in the uneven distribution of boron in the axial direction of the fuel rods.
Since 10B has obvious neutron absorption capacity, the boron hideout within the CRUD
depositionswill distort the axial power distribution and cause the core power shift, known
as CRUD-Induced Power Shift (CIPS) [2].

In order to evaluate the thermal hydraulics and solute transport within CRUD depo-
sitions, many previous studies [3–11] have developed a series of methods to simulate the
heat andmass transfer inCRUDunder PWRoperating conditions, such asBoron-induced
Offset Anomaly (BOA) [12] developed by EPRI and MAMBA-3D [13] developed by
CASL. However, there are still relatively few studies on the impact of chimney boiling
and morphology structure in CRUD.

In this paper, a thermal hydraulics and solute transport model is developed to realize
the coupling of heat transfer, pressure drop, capillary flow, solute transport, chemi-
cal reactions and radiolysis reactions within the CRUD depositions. The influence of
the evaporation at the chimneys surface on thermal hydraulics and solute transport is
obtained. Additionally, the impact of CRUD morphology parameters such as porosity,
thickness, chimney radius and chimney diameter is evaluated.

Fig. 1. The formation mechanism and microstructure schematic diagram of CRUD depositions

2 Model

The heat transfer, capillary flow, pressure drop, chemical reactions and radiolysis reac-
tions within the CRUD depositions are tightly coupled. The coolant enters the capillary
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tubes under the action of capillary force, evaporates into steam at the surface of the chim-
neys and escapes through the chimneys into the bulk coolant [7]. In this process, the
solutes are concentrated and maintain the chemical equilibrium between other solutes,
such as H3BO3, Li+ and B(OH)4−. Boiling on the chimney surface enhances the concen-
tration of solute, and the continuously concentrated solute in turn affects the saturation
temperature of the coolant and chemical equilibrium between solutes within the CRUD
depositions. In order to establish the multi-physics coupling model, a chimney and its
surrounding porous structure (also called shell) are selected for research. The coordinates
and boundary conditions are shown in Fig. 2.

Fig. 2. Schematic diagram of coordinates and boundary conditions

2.1 Thermal Model

The coolant flows through the capillary tubes in the porous medium and evaporates into
steam at the surface of chimneys. Based on the energy conservation, the governing equa-
tion of heat transfer within the CRUDdepositions is derived as Eq. (1). Equations (2)–(5)
represent the entrance of heat from cladding, its removal through the coolant interface,
its removal through the chimney surface and its conduction on the symmetric plane,
respectively.

∇(kCRUD∇T ) = 0 (1)

−kCRUD
∂T

∂z

∣
∣
∣
∣
z=0

= Qclad (2)

−kCRUD
∂T

∂z

∣
∣
∣
∣
z=d

= hc
(

T − Tf
)

(3)

−kCRUD
∂T

∂r

∣
∣
∣
∣
r=rc

= −he(T − Tsat) (4)
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−kCRUD
∂T

∂r

∣
∣
∣
∣
r=rR

= 0 (5)

where T is temperature; kCRUD is the heat conductivity of the CRUD depositions; Qclad

is heat flux from the cladding surface; d is the CRUD thickness; hc is conductive heat
transfer coefficient at the CRUD and coolant interface, which usually takes the typical
value 12000W/(m×K) [9]; Tf is the bulk coolant temperature; rc is chimney radius; he
is conductive heat transfer coefficient at the chimney surface, which can be calculated as
Eq. (6) suggested by Pan [8] et al.; Tsat is the saturation temperature, which is a function
of solute concentration, and is usually described by the activity of water, aw, which is
also a function of solute concentration, shown as Eqs. (7)–(8) [14, 15]; rR is the distance
from the chimney center to the porous shell center (symmetric boundary), and it should
be noted that the value is determined by the chimney density.

he =
(

2E

2 − E

)(
MH2O

2πR

)1/ 2 h2fg
T 3/ 2

(

Vg − Vl
) (6)

where E is the evaporation coefficient; MH2O is the molecular weight of H2O; R is the
gas constant; hfg is the vaporization enthalpy; Vg and Vl are the molecular volume of
steam and water.

aw = mw

mw + ∑
mc

(7)

Tsat = 618.09 + 199.01(1 − aw) − 952.74(1 − aw)2

+26013.91(1 − aw)3 − 262916.0(1 − aw)4

+997166.1(1 − aw)5

(8)

where mw is the mass molar concentration of water, equal to 55.509 mol/kg; mc is the
molar concentration of boric acid and other solutes.

2.2 Capillary Flow Model

The capillary flow with low fluid velocity within the porous CRUD depositions follows
Darcy’s low. The governing equation and boundary conditions are shown as Eqs. (9)–
(13).

∇ ·
(

−ερw
κ

μw
∇P

)

= 0 (9)

− κ

μw

∂P

∂z

∣
∣
∣
∣
z=0

= 0 (10)

P|z=d = Pf (11)

− κ

μw

∂P

∂r

∣
∣
∣
∣
r=rc

= −kCRUD
ρwhfg

∂T

∂r
(12)
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− κ

μw

∂P

∂r

∣
∣
∣
∣
r=rR

= 0 (13)

where P is pressure; ε is the porosity; ρw is the water density; κ is the permeability;
μw is the water kinetic viscosity changing with temperature as Eq. (14) [16]; Pf is the
pressure of bulk coolant.

μw = 25.3

−8.58 × 104 + 91 · T + T 2 (14)

In Darcy’s law, the capillary flow velocity in the porous CRUD depositions is
proportional to the pressure gradient as Eq. (15).

ul = − κ

μw
∇P (15)

where ul, a vector with r and z directions, is the Darcy velocity of water within the CRUD
depositions.

2.3 Solute Transport and Reaction Model

The governing equation of solute transport considers solute diffusion, convection, chem-
ical reaction and radiolysis reaction, shown as Eq. (16). Due to the rapidity of reaction,
solute transport and reaction within the CRUD depositions maintain in the quasi-steady
state, so each itemon the r.h.s ofEq. (16) canbe considered zero.Theboundary conditions
are as Eqs. (17)–(20).

∂Ci

∂t
= RCi + RRi − ∇ · Ji (16)

∂Ci

∂z

∣
∣
∣
∣
z=0

= 0 (17)

Ci|z=d = Cfi (18)

(

−Di
∂Ci

∂r
+ ulrCi

)∣
∣
∣
∣
r=rc

= 0 (19)

∂Ci

∂r

∣
∣
∣
∣
r=rR

= 0 (20)

where C is concentration; i represents the number of the solute; t is time; RC is the
concentration changed by chemical reactions; RR is the concentration changed by radi-
olysis reactions; J is molar flux calculated as Eq. (21); D is diffusion coefficient, which
is modified according to fractal theory as Eq. (22) [6].

J = −D∇C − DC
zD∇φ

RT
+ ulC (21)
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D = ε

τ
Dw (22)

where z is the solute’s charge number; φ is the potential; τ is the tortuosity, which is a
function of porosity as Eq. (23) [17];Dw is the diffusion coefficient in pure water, and for
boric acid, the value is 1.07× 10–9 m2/s in 298.15 Kwater, and at other temperatures the
diffusion coefficient of boric acid satisfies the Stokes-Einstein relation [18] as Eq. (24).

τ = 1

2

⎡

⎢
⎢
⎣
1 + 1

2

√
1 − ε + √

1 − ε

√
(

1√
1−ε

− 1
)2 + 1

4

1 − √
1 − ε

⎤

⎥
⎥
⎦

(23)

Dw = 1.07 × 10−9 · T

298.15
· μw,T=298.15

μw(T )
(24)

The chemical reactions within the CRUD depositions considered include ionization
ofwater, interactions of boric acid andwater, andprecipitation of boron. For a generalized
chemical reaction as Eq. (25), the concentration changed by chemical reactions can be
described as Eq. (26).

aA + bB ↔ cC + dD (25)

RC = −kf C
a
AC

b
B + krC

c
CC

d
D (26)

where uppercase letters represent participants in the chemical reaction and lowercase
letters represent stoichiometric coefficients; kf and kr are forward and reverse reaction
rate constants.

At equilibrium or quasi-steady state, RC = 0, so the ratio of the forward and
reverse reaction rate constant is given by Eq. (27). The thermodynamic equilibrium
expression[19] for the reaction is given by Eq. (28).

kf
kr

= Cc
CC

d
D

Ca
AC

b
B

(27)

K = mc
Cm

d
D

ma
Am

b
B

γ c
Cγ d

D

γ a
Aγ b

B

= kf
kr

γ c
Cγ d

D

γ a
Aγ b

B

(ζρw)−a−b+c+d (28)

where K, the thermodynamic equilibrium expression, is a function of temperature cor-
responding to each chemical reaction; m is mass molar concentration; γ is the solute’s
activity coefficient; ζ is the correction of volume considering the solute volume.

The chemical reactions within the CRUD depositions considered in this paper
include:

H2O ↔ H+ + OH−

H3BO3 + OH− ↔ B(OH )−4
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2H3BO3 + OH− ↔ B2(OH )−7

3H3BO3 + OH− ↔ B3(OH )−10

LiBO2(s) + H2O + H+ ↔ Li+ + H3BO3

Li2B4O7(s) + 5H2O + 2H+ ↔ 2Li+ + 4H3BO3

The alpha dose within the CRUD depositions is raised by the concentrating boron
via 10B(n,α)7Li reaction. The solute concentration changed by radiolysis reactions can
be considered as production RR1, consumption and reproduction RR2 two parts, which
can be calculated by Eqs. (29) and (30) [20], respectively.

RR1 =
(
Gα�α + Gα�α + Gα�α

100NA

)

f ρw (29)

RR2 =
∑ ∑

kABCACB − CC

∑

kDCD (30)

RR = RR1 + RR2 (31)

where G is the number of molecules produced from the irradiation of 100 eV into a
solution; Γ is dose rate; NA is Avogadro’s constant; f is a conversion factor from rad/sec
to eV/(kg × sec); k is radiolysis reaction rate constant defined by Arrhenius law.

The radiolysis reactions within the CRUD depositions considered in this paper
include:

H2 + OH ↔ H + H2O

H + H2O2 ↔ OH + H2O

2.4 Numerical Approach and Coupling Scheme

The finite volume method is used to discrete in the two-dimensional cylindrical coordi-
nates. The maximum relative error of temperature, pressure and solute concentration is
used as the convergence condition, and the allowable maximum relative error is less than
10–7. The thermal model, capillary flow model and solute transport and reaction model
affect each other, and feedback each other in the coupling calculation process until the
final calculation results converge. The whole calculation process is shown in Fig. 3.

The thermal model obtains temperature distribution and updates physical properties
for capillary flowmodel and solute transport and reactionmodel. The pressure andDarcy
velocity calculated by capillary flow model are used to determine the velocity of solute
transport. The concentrations obtained by the solute diffusion and chemical reaction
module update the saturation temperature, which has a significant influence on physical
properties and then affects the temperature and pressure distribution.
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Fig. 3. Flow chart of the simulation process of CRUD heat and mass transfer

3 Results

In order to evaluate the thermal hydraulics and solute transport within the CRUD depo-
sitions, typical PWR thermal and hydrochemical conditions are selected for the analysis.
Also the CRUD geometric parameters are chosen to evaluate the influence of CRUD
morphology on the thermal hydraulics and solute transport. The overall input parameters
are listed in Table 1.

Figure 4 shows the calculation results for the distributions of temperature, pressure,
Darcy velocity, boric acid concentration, lithium concentration and pHwithin the CRUD
depositions. The temperature reaches the maximum value of 642.42 K at the interface
between the cladding and the symmetry plane. The maximum temperature difference
is 26.53 K. The maximum subcooled boiling heat flux occurs at the interface between
the cladding and the chimney, reaching 0.455 MW/m2. At the same time, this region is
also the position where the maximum pressure drop occurs reaching 2.8 kPa, making
the capillary flow velocity of 0.78 mm/s in the R direction. The heat taken away by
subcooled boiling at the chimney surface accounts for 61% of the total heat transfer
through the CRUD depositions.
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Table 1. Overall input parameters and analysis variables

Parameters Units Values Variable quantity

System pressure MPa 15.5 −
Coolant temperature K 600 −
Heat flux MW/m2 1.50 −
Boric acid concentration ppm 1200 −
Lithium concentration ppm 2 −
Hydrogen concentration cc(STP)/kg 25.3 −
Gamma dose rate Mrad/h 1200 −
Neutron dose rate Mrad/h 2400 −
Neutron flux #/(cm2 × s) 3.6 × 1014 −
CRUD porosity − 0.8 0.4, 0.5, 0.6, 0.7, 0.8

CRUD thickness μm 60 20, 40, 60, 80

CRUD chimney radius μm 2.5 1.5, 2.0, 2.5, 3.0

CRUD chimney density × 103/mm2 3 1, 2, 3, 4

Boric acid concentration and lithium concentration are closely related to capillary
flow within the CRUD depositions, which are affected by subcooled boiling at the chim-
ney surface. The solutes reach the area near the chimney under the action of capillary
flow. Since most of the solutes do not evaporate like water but get concentrated, so the
concentrations in the area near the chimney are usually higher. At the interface between
the cladding and the chimney, the boric acid concentration and lithium concentration
reach the maximum values of 0.60 mol/L and 1.5 mmol/L, respectively. Although theo-
retically for chemical reactions, the more boric acid, the more reaction with OH-, due to
the chemical equilibrium by temperature and other chemical reactions, even though the
trend is roughly the same, the concentration ratio is different. Comparedwith the concen-
tration in the bulk coolant, the maximum concentration ratios of B(OH)4−, B2(OH)7−,
B3(OH)10− are 4.04, 32.06 and 248.26, respectively. After H+ enters the CRUD deposi-
tions with the coolant, its concentration decreases, because OH− concentration increases
accordingly tomaintain the chemical equilibrium of boric acid and other boron elements.
In the area near the interface between the chimney and the cladding, H+ concentration
increases because the reaction of boron precipitation produces H+. As for boron precip-
itation, it is found that Li2B4O7 always reaches the required concentration condition for
precipitation before LiBO2, so it is considered that boron is more inclined to precipitate
in the form of Li2B4O7.
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Fig. 4. The distributions of (a)temperature [K], (b)pressure [Pa], (c)Darcy velocity [m/s], (d)boric
acid concentration [mol/L], (e)lithium concentration [mol/L], (f)pH within the CRUD depositions
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4 Discussion

4.1 Influence of CRUD Porosity

Figure 5 plots the axial temperature difference, SNB heat removal ratio and boron mass
through the CRUD depositions according to the CRUD porosity. Because the thermal
conductivity of water is smaller than that of metal oxides constituting the CRUD porous
structure, the higher the porosity is, the lower the CRUD thermal conductivity is, and the
larger the temperature difference is. SNB heat removal ratio is approximately linear with
the porosity, but the increase is not large. The diffusion coefficient corrected by fractal
theory increase with the increase of the porosity. Because the capillary flow velocity is
small and has little change, solutes with larger diffusion coefficients only need a smaller
diffusion gradient to establish a balance with the convection. Therefore, the higher the
porosity, the lower the solute concentration. But considering the volume fraction of
coolant in the porous depositions, boron mass increases with the increase of porosity.
The boron mass per unit area of CRUD is obtained by multiplying the boron mass of a
chimney-centered calculation area by the chimney density.

Fig. 5. (a) Axial temperature difference at the chimney surface, (b) SNB surface heat removal
ratio, (c) boron mass per square meter CRUD along with the CRUD porosity
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4.2 Influence of CRUD Thickness

Fig. 6. Boron hideout and SNB heat removal ratio along with the CRUD thickness

Figure 6 shows the boron hideout and SNB heat removal ratio within the CRUD
depositions according to the CRUD thickness. With the increase of CRUD thickness,
boron is also accumulated and the mass increases. Li2B4O7 has been precipitated a lot
when the CRUD thickness reaches 40 μm, which is quite different from the charac-
teristics reported by EPRI [2] that precipitation LiBO2 begins to precipitate between
35–42 μm CRUD thickness. This also indicates that Li2B4O7 reaches the precipitation
condition earlier than LiBO2. After the beginning of boron precipitation, the increasing
trend of soluble boron mass slows down, and more boron is precipitated in the form of
precipitation Li2B4O7. At the same time, SNB heat removal ratio increases slightly after
the thickness reaches 40 μm.

4.3 Influence of CRUD Chimney Radius

Figure 7 plots the axial temperature difference, pressure drop maximum and boric acid
concentrationmaximum through theCRUDdepositions according to theCRUDchimney
radius. For a certain chimney density, the increase of chimney radius means the decrease
of the shell area and the increase of the phase change area at the surface of the chimney.
Therefore, with the increase of the chimney radius, more subcooled boiling occurs at the
surface of the chimney, and less heat is removed by heat conduction, leading to smaller
temperature difference and greater pressure drop. But larger chimney radius also means
that the solutes are easier to reach the surface of the chimney and more difficult to
diffuse to the interface between the cladding and the CRUD, and the maximum boric
acid concentration decreases accordingly.
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Fig. 7. (a) Axial temperature difference at the chimney surface, (b) pressure drop maximum, (c)
boric acid concentration maximum along with the CRUD chimney radius

4.4 Influence of CRUD Chimney Density

Figure 8 plots the axial temperature difference, pressure drop maximum and boric acid
concentrationmaximum through theCRUDdepositions according to theCRUDchimney
density. Similar to the effect of increasing the chimney radius, the increased chimney
density also squeezes the area share of the CRUD porous shell and reduces the radial
length (the distance from the chimney surface to the symmetric plane). Therefore, with
the increase of chimney density, the temperature difference decreases, the pressure drop
increases, and the maximum concentration of boric acid decreases.
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Fig. 8. (a) Axial temperature difference at the chimney surface, (b) pressure drop maximum, (c)
boric acid concentration maximum along with the CRUD chimney density

5 Conclusion

The multi-physics coupling model is developed to predict the thermal hydraulics and
solute transport within the porous CRUD depositions. Processes including heat transfer,
pressure drop, capillary flow, solute transport, chemical reactions and radiolysis reactions
are fully coupled. This model reasonably predicts the distributions of the temperature,
pressure, Darcy velocity and solute concentrations within the CRUD depositions. The
subcooled boiling at the surface of the chimney has an important influence on the thermal
hydraulics and solute transport within the CRUD depositions. Temperature, pressure,
SNB heat removal ratio, solute concentrations and boron mass are evaluated under
different CRUD morphology parameters. With the increase of thickness, more boron
exists in the form of precipitated Li2B4O7. The porosity, chimney radius and chimney
density have positive correlations with subcooled boiling and negative correlation with
boron concentration. The thermal hydraulics and solute transport analysis by this model
can provide technical support for the prediction of the CIPS phenomenon.
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Abstract. After evaporation of cerium metal (simulated radioactive substance)
in a stainless steel plate in a production process, Ce and Fe elements are inter-
diffused at the bonding interface and Ce-Fe solid solution is formed. There are
problems such as incomplete recovery of attached materials and increased surface
roughness at the interface, which cannot be reused. In order to reduce radioactive
iste generation, metallic enamel coating is prepared on stainless steel substrate
with SiO2, Al2O3, Na2O, K2O, CaF2 and CoO and its resistance to active metal
vapor corrosion at high temperature is studied. The results show that the enamel
coating is closely bonded to the substrate, forming a chemical bond of Fe-Co rich
phase. The enamel coating can stably form a filmwith ceriummetal atoms, and the
evaporation coating does not fall off. The microstructure results show that cerium
oxide is formed at the bonding interface between the enamel coating and cerium
metal, forming a stable chemical bond. Compared with stainless steel substrate,
there is no interfacial corrosion caused by mutual diffusion between enamel coat-
ing and cerium metal at the bonding interface, so it can only desorb cerium metal
without damaging the coating and realize multiple reuse.

Keywords: Enamel coating · Evaporation · Corrosion · Diffusion

1 Introduction

In the process ofmetal evaporation recovery and stainless steel plate reuse, problems such
as incomplete recovery and large amount of iron impurities are encountered. As a result,
stainless steel plate can only be used once and cannot be reused for many times due to the
residue of radioactive materials. Although in the verification phase, it also caused a large
accumulation of radioactive material. Therefore, it is necessary to research on the reuse
technology to realize the complete recovery of the metal and multiple reuse of the plate
[1]. The active metal atoms have high thermal conductivity, high specific heat capacity,
low vapor pressure and other characteristics. The metal atoms and the substrate are very
easy to diffuse in the process of evaporation, resulting in the coating metal is difficult to
completely desorption. Therefore, the development and preparation of high temperature
corrosion resistant coating against active metal atomic steam is the factor to restrict the
reuse of plate [2, 3]. The traditional high temperature anti-corrosion protective coating

© The Author(s) 2023
C. Liu (Ed.): PBNC 2022, SPPHY 283, pp. 412–423, 2023.
https://doi.org/10.1007/978-981-99-1023-6_36

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-1023-6_36&domain=pdf
https://doi.org/10.1007/978-981-99-1023-6_36


Study on Composition Design of Enamel Coating 413

can be generally divided into ceramic coating [4, 5] and metal coating [6, 7]. According
to the composition, mainly includes metal oxide coating and other coating. Through the
composition design of ceramic, enamel coating can significantly reduce the corrosion
rate. Multiple service will not affect the surface state after passivation. So in various
professional fields have broad application prospects.

Enamel coating is a kind of amorphous glass coating. In the process of high tem-
perature firing, it is easy to form strong combination with metal or alloy to improve
the corrosion resistance of the whole plate [8–10]. Chen et al. [11] prepared 0.6 (mass
fraction) borosilicate ratio enamel coating. The softening temperature of the enamel is
higher than 750 °C. Thermal shock results show that the performance of metal enamel
composite coating with nickel particles is significantly improved. Zhu et al. [4] coated
Ti60 with enamel coating to study its high temperature oxidation and sulfate hot cor-
rosion behavior at 700 °C for 1000 h. The enamel coating forms a thin oxide layer
composed of α-Al2O3, TiO2, Al2SiO5 and Al2TiO5, thus providing high temperature
stability and avoiding high temperature corrosion.

Most of the existing research focuses on the high temperature oxidation corrosion
resistance of enamel coating. In view of the high requirement of coating recovery on
substrate surface state in atomic vapor laser technology [12–16], the resistance of enamel
coating to active metal vapor corrosion in high-temperature evaporation is studied.

2 Enamel Coating Composition Design

Based on the actual service situation, SiO2, Al2O3, Na2O, K2O, CaF2 and CoO are
chosen as the main components of special enamel coating. The composition ensure that
free oxygen makes all Al2O3 intermediate in the form of four coordination into the silica
oxide grid. Enamel coating with high temperature resistance, acid corrosion resistance
and strong bonding force with stainless steel is prepared. The addition of CoO mainly
considers that the Fe-Co-rich phase generated by firing can self-repair cracks in the
service process and improve the thermal shock performance of enamel coating [17].
The composition of enamel coating directly affects the compactness, adhesion, acid
resistance, hardness and other properties of the coating, and then affects its service
behavior.

2.1 Preparation Technology of Enamel Coating

In this study, 316L stainless steel is used as the base material. Metal flakes of 50 mm ×
50 mm × 1 mm are cut by electric discharge wire. In order to ensure more physical and
mechanical teeth forming between enamel powder and stainless steel substrate during
firing, sand blasting is required to increase roughness. The sand blasting device used is
shown in Fig. 1.

Choose 200–220 mesh corundum sand, sand blasting pressure control is less than
1 kg/cm2, the smooth surface with matte surface state is obtained, as shown in Fig. 2.
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Fig. 1. Sandblasting equipment.

Fig. 2. Macro appearance of sandblasting stainless steel plate.

Main components of enamel glaze (wt%) is 64.6 SiO2, 14.2 Al2O3, 9.61 Na2O, 4.65
K2O, 4.96 CaF2, 1.98 CoO. The raw material with 500 g weight is placed in the agate
tank and agate balls are added. Then mechanical mixing is carried out in the planetary
ball mill with the speed controlled at 300 r /min and the mixing time about 30 min. After
the mixing, the raw material is put into a corundum crucible into a muffle furnace and
heated to 1300 °C for 4 h. All the enamel melts are quenched at room temperature to
obtain the enamel glaze. A planetary ball mill is used for dry ball grinding of enamel
glaze and agate ball again. The rotating speed is set at 300 r/min, and the ball grinding
time is about 120 h. Finally, the standard sieve (200 mesh) is used to screen the enamel
powder ground by the ball to remove the large particles that are not ground.

The method of preparing special enamel coating on the surface of stainless steel
substrate is to mix alcohol and enamel powder into suspension solution at a ratio of 2 g
per 30 ml, and then vibrate with high frequency ultrasound until dispersing into slurry.
The slurry is sprayed onto the surface of stainless steel by atmospheric spraying. The
spraying pressure is about 0.3MPa, and the distance between the nozzle and the stainless
steel plate is controlled to 200mm. From left to right and top to bottom, repeated spraying
sequence to ensure uniform and smooth enamel coating. Each spray is about 2 μm thick
as a spray cycle. Control about 20 passes to finish spraying. The coated stainless steel
plate is put into the oven and adjusted to 70 °C for 10 min to obtain the powder. Then it
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is adjusted to about 900 °C in the muffle furnace for firing, and the firing is completed
about 3 min later.

2.2 Interface Between Enamel Coating and Stainless Steel

Figure 3 shows the SEM morphology at the interface between enamel coating and
stainless steel matrix.

Fig. 3. SEM morphology of enamel coating/matrix interface.

The thickness of the enamel coating formed by firing is about 40μm, and the coating
is densewithout holes (Fig. 3). The enamel coating is closely bonded to the substrate, and
the interface is serrated. The presence of these serrated interfaces increases the physical
bonding between the coating and the substrate on the one hand. The reaction area is
between the coating and the substrate on the other hand, which promotes the chemical
bonding and makes the coating and the substrate bond well. In order to further analyze
the bonding mode between enamel coating and matrix, EDS line scanning analysis is
carried out on the interface (Fig. 4).

Fig. 4. EDS line scan of enamel coating/matrix interface
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As shown in the Fig. 4, the main component of enamel coating is Si. Through the
observation of the interface, it is found that there is a transition layer at the interface, as
shown in the middle of the two yellow dotted lines. In this transition layer, Fe element
decreases gradually from substrate to coating, indicating that Fe atom diffusion occurs
during the preparation of coating. Cobalt is also found in the transition layer, which
confirmed the diffusion of Co from the coating to the interface.

3 Enamel Coating Properties

3.1 Phase Characterization of Enamel Coating

The phase composition of enamel coating is analyzed by X-ray diffraction (XRD) with
a sample of 10 × 10 mm cut by linear cutting method. The radiation used is Cu Kα (λ
= 0.1548 nm), the working voltage is 50 kV, and the scanning speed is 2°/min. XRD
results are analyzed with Jade 6.0 software.

Fig. 5. XRD pattern of enamel coating.

As can be seen in the Fig. 5, steamed bun peak appears in the XRD pattern at 25°,
which is a typical morphology of amorphous structure. Therefore, the enamel coating is
mainly composed of short-range ordered and long-range disordered glassy phase. The
peak of substrate austenite can also be seen.

3.2 Hardness of Enamel Coating

The hardness of enamel coating and substrate is measured by automatic micro hardness
tester. The test pressure is 50 g and the holding time is 10 s. The average measured
results are 874.8 HV for enamel coating and 195.7 HV for stainless steel substrate. The
hardness of enamel coating on stainless steel surface is about 4.5 times that of stainless
steel substrate. The improvement of hardness can greatly improve the wear resistance
of the surface. So as to ensure that the surface of the work piece is not damaged when it
is scratched externally, and maintain a smooth surface.
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4 High Temperature Evaporation Performance

Self-designed vacuum chamber evaporation device is adopted, and its limit vacuum is 3
× 10–4 Pa. Thewater-cooled copper crucible is selected as the electron beam evaporation
vessel. The purity of 99.5% cerium metal is used as raw material, and the smooth 316
stainless steel plate of 360 mm × 240 mm × 1 mm and the same stainless steel plate
with enamel coating are used as the substrate respectively. The power of the electron
gun is 30 kW, and the heating temperature of the material plate is 360 °C. When the
vacuum degree is better than 5 × 10–3, the cerium metal is vaporized by electron beam
to form metal atom vapor and the stable evaporation begins. After evaporation, the
microstructure and phase composition of the bonding interface between cerium metal
and substrate are analyzed by means of SEM and EDS.

4.1 Interface Between Cerium Metal and Stainless Steel After Evaporation

The bonding interface between cerium metal and stainless steel after evaporation is
shown in the Fig. 6.

Fig. 6. SEM morphology at the bonding interface with (a) 500X and (b) 100X

The bonding interface between Ce metal coating and stainless steel can be clearly
seen from Fig. 6a. The bonding interface is slightly cracked, and the diffusion of Ce
metal to stainless steel can be observed on the surface of stainless steel. As the diffusion
deepens, the diffusion of Ce metal layer is patterned. The results show that Ce metal
diffused first on the surface of stainless steel along the grain boundary of 316L stainless
steel. TheCemetal atoms at the grain boundary gradually diffused into the crystal to form
a solid solution under the thermodynamic action, and finally formed metal compounds
of CeFe2, which is consistent with the XRD analysis results. In the relatively deep
region of 316L stainless steel, the diffusion ability of Ce metal atoms is weakened, so
Ce metal atoms only diffuse along the grain boundary and rarely diffuse into the crystal
interior, resulting in patterned diffusion [21]. As can be seen from Fig. 6b, the diffusion
distribution of Ce metal coating is relatively uniform. The distribution of elements at the
cerium-stainless steel bonding interface is shown in the Fig. 7.
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Fig. 7. Surface scanning spectrum at the interface.

It can be seen from Fig. 7a that Fe diffuses inside Ce metal. Different from the
diffusion of Ce metal, Fe expands into a zigzag shape, which may be related to the
crystal structure of Ce metal and the radius of Fe element. In addition, the distribu-
tion cross section of Cr element is linear. It indicates that Cr element has not diffused
inside Ce metal to form a solid solution. The solid solution is divided into intergap solid
solution and replacement solid solution. For intergap solid solution, its formation fac-
tors are determined by lattice gap, atomic radius and electronegativity of elements. For
replacement solid solutions, the formation factors are only related to atomic radius and
electronegativity. According to the table element radius, Fe atomic radius is 64.5 pm, Cr
atomic radius to 52 pm, Ce atomic radius of 103.4 pm. This result indicates that the solid
solution formed by Cemetal and Fe element at the interface of the coating is substitution
solid solution.

Fig. 8. Element line scan analysis at interface
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Figure 8 shows the linear scanning analysis results of Ce metal and stainless steel
substrate surface. It can be seen from the figure that the composition of Fe and Ce
elements changed significantly with the change of scanning area. In the area about
40 μm left and right of the interface, Fe and Ce is a zigzag. This result further proves
that Fe and Ce diffused each other rather than one way. The content of Cr element shows
a cliff-like change, indicating that Cr element did not participate in diffusion. The above
test results show that the stainless steel plate is corroded by cerium atoms after long time
evaporation, forming a diffusion layer of tens of microns. Because of the diffusion effect
between Ce metal and stainless steel layer, the bonding force between the two is strong,
and the Ce metal atoms in the inner layer of stainless steel are difficult to be desorbed
by means of steam oxidation treatment, which is the root cause of the material plate can
not be reused.

4.2 Interface Between Cerium Metal and Enamel Coating After Evaporation

The macro morphology of cerium metal and stainless steel plate with enamel coating
after evaporation is shown in the Fig. 9.

Fig. 9. Macromorphology of enamel coated stainless steel plate after evaporation.

As can be seen from the Fig. 9, the enamel coating combines well with cerium
vapor. After weighing, the deposition capacity of left plate, middle plate and right plate
is equivalent to that of stainless steel plate. The microstructure of stainless steel plate
with enamel coating at the bonding interface after steam plating is shown in the Fig. 10.

SEM observations show that a layer of metal is evaporated above the enamel coating
in the service process, and the main component is Ce after EDS analysis. The interface
between the enamel coating and the matrix is still well combined, there is no obvi-
ous change compared with that before service. The thickness of the enamel coating is
basically unchanged, proving that the enamel coating can serve stably in the target envi-
ronment. In order to further analyse the bonding between enamel coating and autoclaves
at the interface layer, EDS line scanning analysis is carried out on the interface layer of
enamel coating/autoclaves, and the results are shown in the Fig. 11.
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Fig. 10. SEM morphology of enamel coated stainless steel plate after evaporation

Fig. 11. EDS line scanning map of enamel coating/steam plating interface

EDS line scanning map shows that, a transition region is formed at the interface
betweenCe and enamel coating. The thickness of this region is about 2μmsurrounded by
the double yellow curve in the Fig. 11. In this transition region, the content of Si decreases
and the content of Ce increases, and Si increases with the direction of steam gold plating.
This phenomenon indicates that chemical reactions took place in the transition region,
and the following reactions can be inferred from the distribution results of elements.

Sio2 + Ce
500◦c−→ Ceo2 + Si (1)

The Gibbs free energy change of the reaction is−158.3 kJ/mol less than−40 kJ/mol,
it can be spontaneous. The reduced Si atoms diffused into the Ce metal with low Si
content, resulting in the enrichment of Si elements towards the Ce metal layer. However,
onceCeO2 is formedat the transition layer, theCeO2 layer canhinder the further diffusion
of Ce to the enamel coating, thus preventing the further reaction between Ce and the
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enamel coating, resulting in the termination of the reaction. Due to chemical reaction,
make the enamel coating and steamed metallized caused by van der Waals force not
only the physical union. It is a chemical reaction to form the Si, O and Ce chemical
combination. So the enamel coating can well with steamed metallized combination.

4.3 Enamel Coated Stainless Steel Plate Reuse

The method of pickling is used to verify that enamel coated stainless steel plate can be
reused. Through the study on the acid resistance of enamel coating, it can be concluded
that the enamel coating has a high acid resistance, so pickling has no effect on the enamel
coating while removing the steam gold plating.

Fig. 12. Macromorphology of stainless steel plate with enamel coating before and after pickling.

In order to compare the morphology of enamel stainless steel plate with evapora-
tion before and after pickling, only part of pickling is carried out. The pickling part
is surrounded by yellow dotted line in the Fig. 12. Seen from the figure, pickling parts
show that the smooth surface of the enamel coating, and no local corrosion phenomenon,
found that pickling in good remove steaming and plated at the same time, does not dam-
age to enamel basement. The rainbow-like fringe on the left of the pickling part should
be different elements or oxides with different valence states of the same element. The
specific chemical composition has not been further analyzed here, but the results of local
experimental cleaning by dilute hydrochloric acid show that the oxides here can also
be removed by pickling. Therefore, the enamel coated material plate has the ability of
reuse in theory.

5 Conclusions

By characterizing the phase composition, composition, hardness and microstructure of
enamel coating at the interface between coating and substrate, the following conclusions
are obtained.
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(1) The enamel coating is closely bonded to the substrate, and the coating itself has
high density and low roughness. The enamel coating is closely bonded with the
substrate due to the chemical bonding of Fe-rich Co phase and mechanical tooth
bonding;

(2) Ce and Fe in stainless steel will interact with each other to form a solid solution,
resulting in greater roughness of stainless steel plate, cannot be reused;

(3) Enamel coating can be stable in high temperature service. Silicon and ceriummetal
form a good chemical bond, so that the steam metal does not fall off;

Enamel coating has the ability of acid, alkali and high temperature oxidation corro-
sion. The bonding mode with cerium metal is non-diffusive and no corrosion occurs at
the bonding interface. Therefore, pickling or high temperature oxidation can be used to
remove cerium metal without damaging the enamel coating, so as to achieve multiple
reuse of the material plate.
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Abstract. Because of its high control precision, high efficiency, easy operation
and safe to threads, bolt tensioning is widely used in many mainstream reactor
types of nuclear power plants at home and abroad, such as M310, EPR, VVER,
AP/CAP and HPR 1000. It plays an indispensable role in the installation and
removal of foundation fixing bolts and flange connecting bolts of dynamic and
staticmechanical equipment in the construction andmaintenance stageof domestic
nuclear power plants. With the development and upgrading of bolt tensioner, the
technology of bolt tensioning has become more and more mature. At present, it
has become an irreplaceable means of bolt pre tightening.

However, in the installation and maintenance stage of nuclear power plant,
the fixing bolts and flange connecting bolts of mechanical equipment will still
be jammed, damaged or even be scuffed. This situation may cause damage to
bolts and bolt holes, which requires additional repair and rework costs and the
construction period would delayed, or it may cause scrapping of bolts and bolt
holes, and even affect the main functions of equipment and flanges, cause more
serious economic losses and even nuclear safety accidents.

This paper analyzes the common bolt scuffing factors in the installation and
maintenance stage of nuclear power plant through the experience of actual disposal
means on site of bolt tensioning and scuffing, and defines the corresponding control
means pertinently, so as to reduce the bolt scuffing probability, and then reduce the
additional cost in the installation and maintenance stage and even the probability
of nuclear safety accident.

Mainly analyze from the aspects of thread material, working environment,
manufacturing tolerance, thread cleaning, bolt assembly, bolt tensioning and bolt
fastening, and formulate standard and effective work plans for thread material
inspection, working environment isolation, manufacturing tolerance inspection,
thread cleaning, bolt assembly, bolt tensioning and bolt fastening in combination
with the actual situation of the construction site, so as to ensure the reduction or
even elimination of nuclear power plant installationTheprobability of bolt scuffing
in the maintenance stage can enhance the quality of nuclear power installation and
maintenance at the construction site of the nuclear power plant and improve the
operation safety probability of the nuclear power plant.
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1 Introduction

1.1 Research Background

1.1.1 Application Situation of Bolt Tension in Nuclear Power Plant During
Installation and Maintenance at Home and Abroad

The pre tightening method of bolt tension is widely used in the installation and mainte-
nance stages ofmanymainstreampressurizedwater reactor types of nuclear power plants
in operation and under construction, such as M310/EPR, VVER, AP/CAP, Hualong 1,
and other fourth-generation mainstream nuclear power plants in the future, such as high
temperature gas cooled reactor, molten salt cooled reactor, sodium cooled reactor, etc.,
which are in the stage of experimental construction.

The pre tightening method of bolt tensioning is easy to operate, has high tensioning
precision, does not damage the thread, and is not affected by the operation space and
environment. Bolt tensioners can be used individually or in groups. Multiple tensioners
can be used in parallel, which can not only improve work efficiency, but also ensure
the uniformity of force on multiple bolts, which is particularly important in the flange
connection of high-pressure seal. For example, the main bolts connecting the pressur-
ized water reactor pressure vessel and the head cover, the primary and secondary side
manholes of the steam generator of the pressurized water reactor cooling system, and
the flange connecting bolts of the primary circuit helium pipe of the high temperature
gas cooled reactor all need to be tensioned and locked with a paralleling bolt tensioner.

1.1.2 Hazard of “Scuffing” of Bolt Tensioner, Bolt and Nut

Due to its simple structure, easy to carry and connect, convenient operation and simple
introduction for operators, the hidden safety hazards of the bolt tensioner are easy to
be ignored. On the one hand, during the bolt tensioning process, the bolt tensioner is
blocked with the flange, nut and bolt, which is not easy to be found, especially during
the use of the parallel bolt tensioner. Once the bolt tensioner is jammed with a bolt, nut
or flange surface, due to its ultra-high pressure and ultra-high tensioning force, it is very
easy to cause oil pipe cracking, thread fracture or even bolt fracture, and then cause the
bolt tensioner to slip off. The operators and supervisors are easy to be hit by objects
and mechanical injuries because they can’t avoid them; On the other hand, due to the
influence of the material, cleanliness, operating environment, manufacturing tolerance
and many other factors of bolt, nut and bolt hole, after one or more times of tensioning,
the thread is damaged or even glued and broken, resulting in the bolt being stuck in
the bolt hole or the nut being stuck on the bolt, which is often a disastrous accident in
the flange connection of high-pressure seal. The bolt and threaded hole thread will be
damaged and need to be reworked and repaired, whichwill affect the construction period;
In serious cases, the bolts, nuts and bolt holes will be scrapped, which will seriously
affect the construction period and leave serious potential safety hazards.

For example, in the maintenance stage of a nuclear power plant, it was found that
the main bolt connecting the reactor pressure vessel and the top cover was stuck in the
main bolt hole of the reactor pressure vessel, the thread was glued and broken, and
the main bolt was removed after the bolt was broken. It involves the breaking and re
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manufacturing of the main bolts and the repair of the main bolt holes of the reactor
pressure vessel, resulting in great economic losses; In the installation stage of a nuclear
power plant, due to improper operation by the construction personnel, the thread of the
steam generator anchor bolt of the reactor cooling system was jammed with the edge of
the bolt hole after tensioning, which was not found and handled in time, resulting in the
fracture of the anchor bolt at the thread, springing up and impacting the steel structure
beam between the steam generators. Fortunately, no personal injury was caused.

1.2 Research Purpose and Method

1.2.1 Research Purpose

Bydiscussing the standard operation and precautions of bolt tensioning in the installation
and maintenance stage of nuclear power plant, this paper provides normative reference
for the bolt tensioning operation in the installation and maintenance stage of nuclear
power plant, ensures the safety and reliability of the bolt tensioning operation in the
installation and maintenance stage of nuclear power plant, ensures the personal safety
of construction personnel, improves the construction quality, and builds a strong nuclear
safety defense line.

1.2.2 Research Methods

Step 1: case analysis of bolt tension during installation andmaintenance of nuclear power
plant;
Step 2: standardized operation process of bolt tension during installation and mainte-
nance of nuclear power plant.

2 Detailed Description

2.1 Case Analysis of Bolt Tension During Installation and Maintenance
of Nuclear Power Plant

2.1.1 The “Scuffing” of Anchor Bolts and Nuts for Lateral Support of Reactor
Coolant Pump in a Nuclear Power Plant

During the installation of M310 pressurized water reactor unit in a nuclear power plant,
the anchor bolts of the lateral support 3# hydraulic damper anchor seat of the reactor
coolant pump were tensioned. It was found that after the fractional tensioning (three
times of tensioning locking at 20%, 60% and 100% of the maximum tensioning torque
+ one-time tensioning verification at 100% of the maximum tensioning torque, and the
tensioning torque was converted by the reading of the hydraulic pressure gauge), after
the maximum tensioning torque reached 60%, the tightening resistance of some anchor
nuts became larger, and when the maximum tensioning torque reached about 69%, the
nuts could not rotate. Immediately, tensile verification was carried out on all the anchor
bolts of the hydraulic damper anchor seats supporting the lateral support of the three
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loop reactor coolant pumps on site, and it was found that the anchor nuts of most of the
anchor bolts “bite” after reaching about 69% of the maximum tensile torque.

Through analysis and demonstration, the cause of “scuffing” of the anchor bolt and
nut is analyzed on site and verified step by step.

Firstly, it is assumed that the stroke of the bolt tensioner does not meet the installation
of the anchor bolt on site, the anchor nut interferes with the inner wall of the bolt
tensioner, and the friction is too large to rotate the nut. On site verification was carried
out immediately. After the anchor nut was coated with grease, it was still “locked” after
being tensioned again, and after the bolt tensioner was removed, the inner wall was not
adhered with grease. Therefore, the conjecture that the anchor nut interfered with the
inner wall of the bolt tensioner was denied, and the problem of the bolt and nut itself
was considered.

Then, consult the manufacturer’s completion documents, and arrange the manufac-
turer’s personnel to recheck the go no go gauges on the anchor bolts and nuts. The
manufacturer’s personnel used ring thread go no go gauges with a tolerance code of
6h for anchor bolts and cylindrical thread go no go gauges with a tolerance code of 6h
for anchor nuts. Due to the phosphate coating on the surface of anchor bolts and nuts,
some of the go no go gauge inspection results were unqualified. At the same time, by
comparing with the design documents, it is found that the tolerance zone used by anchor
bolts and nuts does not meet the matching requirements of anchor bolts 6h and nuts 7h
in the design documents.

Therefore, it is determined that the main cause of the “scuffing” of the anchor bolts
and nuts of the lateral support of the reactor coolant pump this time is the manufacturer’s
wrong use of the anchor bolts and nut tolerance zone. At the same time, the manufac-
turer’s inspection time of the go no go gauge is before the phosphating of the anchor
bolts and nuts, and the go no go gauge of the anchor bolts and nuts is not rechecked
after the phosphating. Afterwards, the anchor bolts and nuts were returned to the factory
according to the process, and finally the tensile work of the anchor bolts of the lateral
support of the reactor coolant pump was successfully completed.

2.1.2 Other Common Bolt and Nut “Bite” Cases in the Installation and Mainte-
nance Stage of a Nuclear Power Plant

In the process of anchor bolt tensioning of steam generator primary and secondary side
inspection holes and pressurizer inspection holes during the installation andmaintenance
of M310 pressurized water reactor unit in a nuclear power plant, it is summarized that
the main aspects affecting the tension safety of anchor bolts are as follows:

First, cleanliness control. If there are burrs, iron filings, rust or small slag inclusions
on the internal thread of the anchor bolt hole on the flange surface, the external thread of
the anchor bolt or the internal thread surface of the nut, they will be involved in the thread
connection pair during the thread tightening process, and then squeezed into the internal
and external thread connection thread, increasing the relative friction between the local
internal and external threads, and causing local thread jamming under the influence of
the force between the threads, high temperature, vibration and other conditions, Even
glued, resulting in “bite” of anchor bolts and nuts.
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Second, the control of relative cooperation relationship.The anchor bolt holes, anchor
bolts and nuts used for the inspection holes on the primary and secondary sides of the
steam generator and the inspection holes of the pressurizer are sealed with steel seal
inscriptions to ensure that the anchor bolt holes, anchor bolts and nuts are used together
during the disassembly and assembly process during the installation and commissioning
stages. After many times of connection, coordination and tension, and under the high
temperature conditions during the test and operation stages, the anchor bolt holes The
internal and external threads of the anchor bolt and nut squeeze and run in with each
other, and the connection pair is stable, avoiding the “scuffing” of the anchor bolt and
nut caused by the matching relationship between the internal and external threads.

Third, prevent the misuse of “bite dead” agents. In order to prevent the anchor bolts
and nuts from seizing, anti “seizing” agents such as molybdenum disulfide and N5000
will be used during the installation and commissioning of the nuclear power plant. The
correct use of anti seize agent reduces the risk of “seizing” of anchor bolts and nuts
to a certain extent. However, due to the characteristics of high temperature and high
pressure of internal medium during the experiment and operation of steam generator
and pressurizer, the wrong use of anti seize agent that is not resistant to high temperature
will cause “seizing” of anchor bolts and nuts.

Fourth, improper operation methods. The correct installation method of anchor bolts
and nuts is to manually install and tighten the anchor bolts and nuts. If manual tightening
fails, immediately stop tightening and remove the anchor bolts and nuts for inspection.
During the installation and commissioning of nuclear power plants, in order to pursue
progress, many construction personnel will tighten the anchor bolts and nuts by increas-
ing the torque, especially when the anchor bolts and nuts are tightened and jammed,
increase the tightening force and lengthen the force arm, which will greatly increase the
risk of “bite” of the anchor bolts and nuts.

Fifth, improper selection of tensioning tools. Bolt tensioning tools are divided into
single type and parallel type, which should be paid special attention when using parallel
bolt tensioning machine. The deviation of the relative position of the bolt hole on the
flange surface and the manufacturing error of the parallel bolt tensioner will cause the
parallel bolt tensioner to jamwith the anchor bolt and nut, and then cause the anchor bolt
to tilt in the bolt hole, and the anchor bolt to jam with the inspection hole on the primary
and secondary sides of the steam generator or the sealing cover plate of the inspection
hole of the pressurizer. If the operator fails to check in place, continue to complete the
tensioning, the anchor bolt The risk of nut “seizing” is high.

2.2 Specification and Operation Process of Bolt Tensioning During Installation
and Maintenance of Nuclear Power Plant

First of all, in order to prevent the design deviation of bolt tensioning in the installation
and maintenance stage of nuclear power plant, it is necessary to carefully identify the
upstream documents when technicians prepare the scheme. For the anchor bolts and
nuts that need to be tensioned, especially the bolts and nuts with large diameter, it is
necessary to check the tolerance zone selected by the designer to avoid the “bite” event
of anchor bolts and nuts caused by design deviation.
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Secondly, during the installation and maintenance stage of the nuclear power plant,
the compliance acceptance of threaded holes, anchor bolts and nuts should be carried out
before the on-site construction. If serious manufacturing deviations of threaded holes,
anchor bolts and nuts are found, they should be reported in time, and repaired, reworked
or scrapped according to the relevant procedures. At the same time, the material of
threaded holes, anchor bolts and nuts shall be inspected. If there is a risk of “seizing”,
the corresponding process shall be opened in time for treatment.

Finally, it is mainly necessary to control the operation specifications of construction
personnel:

First, control the cleanliness, carefully clean the threaded holes, anchor bolts and
nuts, remove foreign matters, and protect against foreign matters;

Second, control the relative cooperation relationship, code and record the threaded
holes, anchor bolts and nuts, and check them many times after installation to prevent
misuse;

Third, before the installation of anchor bolts and nuts, apply an appropriate amount
of anti seize agent according to the bolt material, control the dosage and use model,
and ensure that the use of anti seize agent conforms to the corresponding working
environment of anchor bolts and nuts;

Fourth, the selection of tensioning tools and operation methods are standardized.
Single or parallel bolt tensioners are correctly selected and used in strict accordance with
the operation requirements of bolt tensioners. The following is a detailed description of
the tensioning of anchor bolts and nuts at the primary and secondary inspection holes
of steam generators during the installation and maintenance of M310 PWR units in a
nuclear power plant:

1. During the installation of anchor bolts and nuts, install and tighten them manually,
check whether there is obvious jamming during the installation of anchor bolts and
nuts, and return half a circle to one circle after tightening;

2. Install the bolt tensioner. During the installation process, check whether there is jam
between the bolt tensioner and the anchor bolt and nut, and tighten the fixing nut of
the bolt tensioner evenly. Check that the bolt tensioner can move relatively and all
anchor bolts are tightened evenly;

3. Install the dial gauge base and dial gauge, ensure that the dial gauge base is tightened
evenly, there is no jam with the bolt tensioner, and the dial gauge reading is normal;

4. Establish a control area and set up a warning line. Non operators are not allowed to
enter the bolt tensioner operation area;

5. Start the bolt tensioner, tighten and tighten the nuts according to the three-time
tension locking of 20%, 60% and 100% of the maximum tension torque+ one-time
tension verification of 100% of the maximum tension torque, and ensure that all nuts
are tightened evenly;

6. Check whether the maximum elongation and residual elongation of the bolt meet
the operating requirements of the anchor bolt and nut; Remove the bolt tensioner,
remove the fixing nut of the bolt tensioner evenly, remove the bolt tensioner, and
adjust the position of the bolt tensioner and nut in case of jamming;

7. Clean and protect anchor bolts and nuts.
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3 Conclusions

After eliminating the two uncontrollable “bite” factors of design deviation and manufac-
turing deviation at the site during the installation and maintenance of the nuclear power
plant, we should mainly start with the standardized operation of the construction per-
sonnel to ensure that the probability of “bite” of anchor bolts and nuts caused by human
factors during the installation and maintenance of the nuclear power plant is reduced.

It is necessary to carry out necessary pre job training and pre job disclosure for the
construction personnel who carry out the tensioning operation of anchor bolts and nuts,
and carry out necessary inspections during the tensioning process of anchor bolts and
nuts, so as to reduce the “bite” of anchor bolts and nuts caused by human factors during
the installation and maintenance of nuclear power plants.
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Abstract. Monte Carlo (MC)method is widely adopted in radiation transport cal-
culation due to its high accuracy, but suffers fromhigh variance in deep-penetration
problems. To obtain reasonable results, variance reduction techniques are nec-
essary and thus be widely studied worldwide. The Consistent Adjoint Driven
Importance Sampling (CADIS)method is proved to be an effective variance reduc-
tion technique, which generally employs finite-difference discrete ordinate (SN )
code to obtain the adjoint flux, and generates parameters of source biasing and
weightwindow forMCcode.However, thefinite-differencemethod,whichmodels
through structural meshes, will introduce considerable geometric approximations
in complexgeometry.Thefinite elementmethod (FEM)performs calculationswith
lower truncation error and can employ unstructured meshes, which are capable
of modeling complex geometry with relatively lower geometric approximations.
Therefore, the adjoint flux calculated by unstructured-mesh FEM is able to gen-
erate more appropriate parameters of source biasing and weight window which
will further reduce the variance of forward MC calculation. A fully automatic
unstructured-mesh CADIS method is studied and implemented in this paper, par-
allel three-dimensional unstructured-mesh neutron-photon coupled transport cal-
culation code NECP-SUN based on the SN method and discontinuous FEM is
developed and embedded into the MC code NECP-MCX to calculate the adjoint
flux with unstructured meshes. The updated code is applied to the HBR-2 bench-
mark, the numerical results show that the relative statistic error is reduced by up
to 22% compared to the traditional CADIS method while the calculation results
are closer to the measurements and the figure of merit (FOM) is increased by 3–4
orders comparing to direct MC simulation.

Keywords: Neutron transport calculation · Monte Carlo method · Variance
reduction techniques · CADIS method · Unstructured mesh

1 Introduction

In order to improve the efficiency of the Monte Carlo (MC) method, various variance
reduction techniques have been proposed, such as geometrical importance, weight win-
dow, source biasing, etc. [1]. These methods perform well in most scenarios but require
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the users to set relevant parameters (such as geometrical importance, weight window
boundary, and source sampling probability) which are strongly related to the problem.
Therefore, high demands are put forward for the user’s experience and ability to analyze
problems. For the purpose of optimizing the selection of parameters and reducing the
burden on users, a variety of automated methods which generate parameters for weight
window and source biasing based on the importance distribution obtained by forward
or adjoint transport calculation have been proposed. Among the above methods, the
Consistent Adjoint Driven Importance Sampling (CADIS) method, which is proposed
by Wagner [2] can automatically generate the parameters of weight window and source
biasing for MC simulation based on the adjoint flux calculated by the discrete ordinate
(SN ) method. The CADIS method is proved to be effective in practical applications and
is applied to the ADVANTG [3] and the MAVRIC [4], which is the shielding analysis
tool of SCALE.

Most traditional CADIS implementations depend on the adjoint flux calculated by
finite-difference SN code which can only model geometry with structural meshes. The
structural meshes can only approximate the curve surfaces by reducing the mesh size
thus considerable approximations will be introduced when modeling complex geometry
through finite-difference code. Unstructured meshes are capable of modeling complex
geometry with relatively lower approximations. Therefore, the adjoint flux obtained
through unstructured meshes is more accurate, and can better describe the distribu-
tion of the importance of particles in space and energy, resulting in a more reasonable
source biasing and weight window. The theoretical research and practical application
of the traditional CADIS method based on structural mesh have been relatively mature
[5], but the research on the unstructured-mesh CADIS method is rarely reported. The
Finite Element method (FEM) can utilize unstructured meshes to perform transport cal-
culations and the truncation error is inherently lower than the finite-difference method.
Numerous researches on FEM have been carried out, including solving the second-order
neutron transport equation through the continuous finite element method [6], solving the
first-order neutron transport equation through stabilized finite element method [7], and
solving the first-order neutron transport equation through discontinuous finite element
method [8]. Among them, the numerical method which combines the SN method and the
discontinuous FEM to discretize the first-order neutron transport equation in space and
angle respectively shows strong stability in solving the problem with the internal vac-
uum region, and can effectively realize high-order angular expansion calculation, which
makes it well applicable to the strong angular anisotropy problems such as shielding
calculation.

In this paper, the parallel three-dimensional unstructured-mesh neutron-photon cou-
pling transport calculation code NECP-SUN based on the discrete ordinate method
and discontinuous finite element method is developed. Furtherly, the fully automatic
unstructured-mesh CADIS method is implemented by embedding NECP-SUN into MC
code NECP-MCX [9] and is applied to calculate the specific activity of the radiometric
monitor in the cavity of the HBR-2 benchmark. The numerical results show that, com-
pared with the traditional CADIS method, the unstructured-mesh CADIS method can
obtain results that are closer to measurements with a lower relative statistical error, and
its figure of merit (FOM) raised 3–4 orders compared to direct MC simulation.
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2 Method and Implementation

2.1 Description of Unstructured-Mesh CADIS Method

The theoretical basis of the unstructured-mesh CADIS method includes the SN method
and discontinuous FEM, as well as the source bias and weight window of the CADIS
method. In this section, the local weighted residual form and global variational form of
adjoint neutron transport equation are derived firstly, and then the basic theory of source
biasing and weight window is briefly illustrated.

2.1.1 The Discretization of Aadjoint Transport Equation Through SN Method
and FEM

The steady-state linear Boltzmann transport equation without fissile materials is:

Ω∇φ(r,E,Ω) + �t(r,E)φ(r,E,Ω)

=
¨

�s(r,E′,Ω ′ → E,Ω)φ(r,E′,Ω ′)dE′dΩ ′ + S(r,E,Ω) (1)

where r is space, E is energy, Ω is direction, Σ t is total macro-cross section, cm−1, φ
is forward flux, Σs is scattering macro-cross section, S is the forward source, particle ·
cm−3 · s−1.

The adjoint equation of Eq. (1) can be constructed as Eq. (2):

− Ω∇φ∗(r,E,Ω) + �t(r,E)φ∗(r,E,Ω)

=
¨

�s(r,E,Ω → E′,Ω ′)φ∗(r,E′,Ω ′)dE′dΩ ′ + S∗(r,E,Ω) (2)

where φ∗ is adjoint flux, S∗ is adjoint source.
The multi-group form adjoint transport equation can be obtained by integrating both

sides of Eq. (2) over the energy interval [Eg, Eg-1]:

− Ω∇φ∗
g (r,Ω) + �

g
t (r)φ

∗
g (r,Ω)

=
1∑

g′=g

∫
�

g→g′
s (r,Ω → Ω ′)φ∗

g′(r,Ω ′)dΩ ′ + S∗
g (r,Ω) (3)

The SN method can be introduced by integrating Eq. (3) on the region �Ωm near
the selected discrete direction Ωm(μm, ηm, ξm),m = 1, · · · ,M :

− Ωm∇φ∗
g (r,Ωm) + �

g
t (r)φ

∗
g (r,Ωm)

=
1∑

g′=g

�
g→g

′
s (r,Ωm → Ω

′
m)φ∗

g′ (r,Ω
′
m) + S∗

g (r,Ωm) (4)

Expanding the scattering term with the spherical harmonics function and expressing
the angular discretization as a subscript, the discrete ordinate form of the steady-state



434 H. Shu et al.

multi-group adjoint neutron transport equation without fissile materials can be described
by Eq. (5):

− Ωm∇φ∗
g,m(r) + �

g
t (r)φ

∗
g,m(r)

=
1∑

g′=g

∞∑

l=0

�
g→g′
s,l (r)

l∑

n=−l

Y n
l (Ωm)

M∑

m′=0

wm′Y n
l (Ωm′)φ∗

g′,m′(r) + S∗
g,m(r) (5)

Equation (5) only contains spatial-related unknown variables, which can be dis-
cretized in the spatial dimension by the discontinuous Galerkin method. Since the right-
hand side of Eq. (5) can be regarded as a known function in SN calculation, it can be
combined into a spatially related known function Q∗

g,m(r):

−Ωm∇φ∗
g,m(r) + �

g
t (r)φ∗

g,m(r) = Q∗
g,m(r) (6)

The solution area can be divided into non-overlappingmesh elements and the dimen-
sional approximation functions can be defined on them. Integrating the Eq. (6) onDk(k=
1,…, K) with each term multiplied by the verification function φt

g,m which is arbitrarily
selected from the aforementioned dimensional approximation functions:

∫

Dk
−φt

g,m(r)Ωm∇φ∗
g,m(r)dr

+
∫

Dk
φt
g,m(r)�g

t (r)φ∗
g,m(r)dr

=
∫

Dk
φt
g,m(r)Q∗

g,m(r)dr (7)

After integrating the first term at the left-hand side of Eq. (7) by parts and applying
the divergence theorem:

∫

Dk
−φt

g,m(r)Ωm∇φ∗
g,m(r)dr

= −
∫

∂Dk
(Ωm · n)φt

g,m(r)φ∗
g,m(r)ds

+
∫

Dk
φ∗
g,m(r)Ωm∇φt

g,m(r)dr (8)

The local Galerkin weighted residual form of Eq. (6) can be obtained by substituting
Eq. (8) into Eq. (7) and adopting the upwind flux, which is, finding the function φ∗

g,m to

make sure Eq. (9) is satisfied for any testing function φt
g,m in V (Dk):

(φ∗
g,m, (Ωm · ∇ + �

g
t )φt

g,m) −
〈
φ∗−
g,m, φt−

g,m

〉

∂Dk+

+
〈
φ∗−
g,m, φt+

g,m

〉

∂Dk− = (φt
g,m,Q∗

g,m) (9)

where,

(f , g)Dk :=
∫

Dk
f · gdr (10)
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〈f , g〉∂Dk :=
∫

∂Dk
|Ω · n|f · gds (11)

⎧
⎨

⎩

φ+
g,m = lim

ε→0+ φg,m(r + εΩm)

φ−
g,m = lim

ε→0− φg,m(r + εΩm)
(12)

{
∂Dk+ = {

r ∈ ∂Dk : Ω · n ≥ 0
}

∂Dk− = {
r ∈ ∂Dk : Ω· n < 0

} (13)

The global variational form of the steady-state SN adjoint transport equation in the
direction of a single discrete angle of a single group can be obtained by summarizing the
Eq. (9) over all elements, that is, finding φ∗

g,m in VDh to make sure Eq. (14) is satisfied
for any testing function φ∗

g,m in VDh :

(14)

where, φupwind
g,m is the value of upwind flux on the mesh interface, Eh is the set of mesh

interfaces, and φinc
g,m is the boundary condition.

2.1.2 Source Biasing and Weight Window

Based on the adjoint theory, the response of the target region can be determined by
Eq. (15):

R =
∫

Vd
dr

∫ ∞

0
dE

∫

4p
φ(r,E,Ω)σd(r,E,Ω)dΩ

=
∫

Vs
dr

∫ ∞

0
dE

∫

4p
φ∗(r,E,Ω)S(r,E,Ω)dΩ (15)

where R is the response, Vd is the volume of the target region, cm3, σ d is the response
function, and V s is the volume of the forward source, cm3.

It can be seen fromEq. (15) that the adjoint flux stands for the contribution of particles
at a specific position, energy, and direction to the response of the target region. This is
the theoretical basis for the CADIS method to generate parameters of source biasing and
weight window based on adjoint flux.

With an appropriate bias function, the source biasing is able to sample more low-
weight source particles in important space, energy, and angle ranges. The reducing factor
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of initial weight is determined by the increasing factor of source particles to ensure the
result is unbiased. To minimize the variance of the response of the target region, the bias
function shown in Eq. (16) is recommended:

S
∧

(r,E,Ω) =φ∗(r,E,Ω)S(r,E,Ω)

R

= φ∗(r,E,Ω)S(r,E,Ω)∫
Vs
dr

∫ ∞
0 dE

∫
4π φ∗(r,E,Ω)S(r,E,Ω)dΩ

(16)

The initial weight of the corresponding source particle should be determined by
Eq. (17):

w = w0
S(r,E,Ω)

S
∧

(r,E,Ω)
= w0

R

φ∗(r,E,Ω)
(17)

where w and w0 are the initial weight of source particles with and without an unbiased
source, respectively.

Weightwindow is a synergistic application of split andRussian roulette, which can be
applied separately or simultaneously to the dimensions of space, energy, and angle. The
upper and lower bounds of the weight window are used as a trigger of split and Russian
roulette to ensure that the population and weight of particles maintain at a reasonable
level. To minimize the variance of the response of the target region, the weight of the
particles generated by the weight window should be consistent with Eq. (17). Thus, the
mean value of the weight window can be determined by Eq. (18):

wt + wb

2
= w0

R

φ∗(r,E,Ω)
(18)

where wt and wb are the upper and lower bound of the weight window, respectively.
Practical experience indicates that to ensure the validity and applicability of the weight
window, the gap between its upper and lower bounds should neither be too large nor
too small. Therefore, most MC codes provide a default upper and lower bound ratio for
the weight window and recommend users to generate a weight window with the default
ratio. Thus, the lower bound of the weight window in Eq. (18) can be determined by
Eq. (19) with the aforementioned upper and lower bound ratio cu:

wb = w0
2R

(cu + 1)φ∗(r,E,Ω)
(19)

2.2 Implementation

Based on the theoretical model in Sect. 2.1, the parallel three-dimensional unstructured-
mesh neutron-photon coupled transport calculation code NECP-SUN, which is capable
of performing adjoint transport calculation based on the unstructured mesh is devel-
oped independently. NECP-MCX [10] is a MC particle transport simulation code with
independent intellectual property rights developed by theNuclear EngineeringComputa-
tional Physics (NECP) laboratoryofXi’an JiaotongUniversity. The traditional structural-
mesh-based CADISmethod has already been fulfilled by coupling the NECP-MCXwith
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Fig. 1. Flowchart of unstructured-mesh CADIS method

the finite-difference SN code NECP-Hydra [10]. To verify the method proposed in this
paper, a coupling code based on unstructured-mesh CADIS is developed by embedding
NECP-SUN intoNECP-MCXas an adjoint transport solver. Figure 1 shows the flowchart
of the unstructured-mesh CADIS method, which mainly consists of the following steps:
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Step 1: Generate the unstructured mesh, the multi-group cross-section data, and the
adjoint source which are required by FEM code based on the Constructive Solid
Geometry (CSG) model, the continuous energy cross-section data, and the response
characteristics of the tallied variable used in MC simulation, respectively.
Step 2: Obtain the distribution of adjoint flux on energy groups and unstructured meshes
by performing the adjoint transport calculation based on the unstructured mesh, the
multi-group cross-section data, and the adjoint source information generated in step 1.
Step 3: Perform forward MC simulation with the source biasing and weight window
generated based on the distribution of adjoint flux provided by step 2 to obtain the
response of the target region.

To implement the above processes, the following three problems need to be properly
solved:

1) Building the computer-aided design (CAD)model corresponding to the CSGmodel,
2) Generating unstructured meshes,
3) Obtaining the adjoint source and cross-section data.

2.2.1 CSG-CAD Model Conversion

The unstructured mesh is generally generated based on the CAD model, thus it’s nec-
essary to build a CAD model corresponding to the CSG model used in MC simulation.
Boundary representation (BREP) is a relatively mature solid geometric representation
method and is widely used in commercial CAD systems. A series of CSG-BREP conver-
sion tools have been developed to generate CAD models based on the uniform surface-
based basic Boolean operation. However, the geometric information for MC codes is
often described by text, and complex nested customized expressions such as universe and
lattice are added to effectively describe the complex characteristics of nuclear facilities.
Moreover, the geometric description texts of differentMonteCarlo codes are quite differ-
ent in format. Therefore, to generate a CAD model utilizing the CSG-BREP conversion
tools, it’s necessary to develop the analytic code for specificMCcodes. The analytic code
should be capable of parsing the geometric description text and translating the complex
nested customized expression into uniform surface-based basic Boolean operations. The
CSG-CAD conversion tool for NECP-MCX is developed and the specific processes are
depicted in Fig. 2.

2.2.2 UnstructuredMeshGenerationand theLocalMeshRefinement in theTarget
Region

The efficiency and accuracy of FEMcalculation are determined by the quality ofmeshes.
Many automatic mesh generation tools such as Gmsh and ICEM have been developed,
which complete unstructured mesh generation within the global mesh size inputted by
users. However, the following problems will occur when the automatically generated
unstructured mesh is adopted in adjoint transport calculation: the size of the mesh in a
specific region is determined by its geometric characteristics such as curvature and prox-
imity. Unfortunately, the geometric characteristics are hardly irrelevant to the importance
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of particles, which will lead to serious memory waste and reduce the efficiency and accu-
racy of adjoint transport calculation. To solve this problem, the local mesh refinement
for the target region based on face meshing control is implemented. After the global
face meshing is completed, the face mesh in the target region will be regenerated with
a smaller size, and then the volume mesh generation will be performed based on the
updated face mesh. The above process is shown in Fig. 3, in which the size of global
meshes andmeshes in the target region is automatically determined based onCSGmodel
information.

Fig. 2. Flowchart of CSG-CAD conversion Fig. 3. Flowchart of unstructured mesh
generation

2.2.3 Determination of Adjoint Source and Generation of Multi-group Cross-
section Data

Multi-group macro-cross section data are essential to carry out adjoint transport cal-
culations with deterministic code. The coupling code automatically parses the nucleon
density of nuclides inMC input and generates correspondingmacro-cross sections based
on the prefabricated bugle96 database.

The spatial and energetic distribution of the adjoint source is dependent on the loca-
tion of the tallied region and the response function of the tallied variable. The coupling
code automatically parses the tally information in MC input and then sets the adjoint
source in deterministic code.

3 Numerical Results

To verify the variance-reduction capability of the update code, it is applied to calculate
the specific activity of the radiometric monitor in the cavity of the HBR-2 benchmark
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problem. The CAD model of the HBR-2 benchmark is depicted in Fig. 4. The unstruc-
tured mesh generated automatically based on the CAD model and the structural mesh
established by the finite difference discrete ordinate code are shown in Fig. 5 respectively.

To demonstrate the advantages of the unstructured-mesh CADIS method over the
traditional CADIS method and illustrate the significant effect of local mesh refinement
on improving the computational efficiency of unstructured-mesh CADIS, several cases
are performed as follows:

(1) Case1 performs MC simulation through NECP-MCX with unbiased source and
energy cutoff, which is the base case.

(2) Case2 obtains results through the traditional CADIS method which MC simulation
is performed with source biasing and weight window generated based on adjoint
flux calculated by finite-difference SN code NECP-Hydra.

(3) Case3 obtains results through the unstructured-mesh CADIS method which MC
simulation is performed with source biasing and weight window generated based
on adjoint flux calculated by SN -FEM code NECP-SUN.

(4) Case4 obtains results through the samemethod in case 3 with local mesh refinement
for the target region implemented. The parameters of meshing control which are
determined automatically are shown in Table 1 and the meshes of the radiometric
monitor in case3 and case4 are shown in Fig. 6.

radiometric  

monitor  

in cavity

Fig. 4. CAD model of HBR-2 benchmark

To ensure the comparability of the results, all 4 cases simulate 2 × 109 parti-
cles through 256 cores paralleled. For case2–4, the modeling and computing time of
deterministic code is considered.

The dose rates of the radiometric monitor in the cavity and its ratio to measurements
in all cases are shown in Table 2. From Table 2 we can conclude that the calculation of
dose rates of the radiometric monitor in the cavity is a typical deep-penetration problem.
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(a) Structural-mesh model (b) Unstructured mesh model

Fig. 5. Structural-mesh and unstructured-mesh models for HBR-2 benchmark

Table 1. Parameters for meshing control

Meshing control Global meshing Local mesh refinement

Minimum size 0.5 cm 2 cm

Maximum size 48 cm 48 cm

Hard size / 0.5 cm

Mesh numbers 1113428 246357

(a) Global meshing (b) Local mesh refinement

Fig. 6. Meshes of the radiometric monitor in case3 and case4
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Table 2. Dose rates and their C/E for different cases

Case Item 237Np(n,f)
137Cs

238U(n,f)
137Cs

58Ni(n,p)
58Co

54Fe(n,p)
54Mn

46Ti(n,p)
46Sc

63Cu(n,α)
60Co

Measurement Dose
rate

2.24E+01 8.51E-01 1.96E+02 8.71E+00 3.31E+00 2.65E-01

1 Dose
rate

2.00E+01 9.24E-01 6.86E+01 7.89E-01 / /

C/E 0.89 1.09 0.35 0.09 / /

2 Dose
rate

1.64E+01 6.63E-01 2.29E+02 1,00E+01 4.63E+00 3.25E-01

C/E 0.73 0.78 1.17 1.15 1.40 1.23

3 Dose
rate

1.60E+01 6.40E-01 2.20E+02 9.65E+00 4.27E+00 2.87E-01

C/E 0.71 0.75 1.12 1.11 1.29 1.08

4 Dose
rate

1.60E+01 6.39E-01 2.17E+02 9.51E+00 4.26E+00 2.84E-01

C/E 0.71 0.75 1.11 1.09 1.29 1.07

Table 3. Relative statistic error and FOM for different cases

Case Item 237Np(n,f)
137Cs

238U(n,f)1
37Cs

58Ni(n,p)
58Co

54Fe(n,p)
54Mn

46Ti(n,p)
46Sc

63Cu(n,α)
60Co

1 Relative
statistical
error

37.86% 97.97% 85.49% 99.99% 100% 100%

FOM 1.57E-03 2.35E-03 3.08E-03 2.25E-03 / /

2 Relative
statistical
error

0.21% 0.74% 1.04% 1.18% 2.23% 4.05%

FOM 4.97E+01 4.09E+00 2.08E+00 1.60E+00 4.52E-01 1.36E-01

3 Relative
statistical
error

0.49% 1.05% 1.48% 1.73% 1.57% 2.47%

FOM 5.14E+00 1.13E+00 5.65E-01 4.14E-01 5.02E-01 2.03E-01

4 Relative
statistical
error

0.32% 0.74% 0.86% 0.98% 1.74% 3.25%

FOM 1.37E+01 2.52E+00 1.89E+00 1.43E+00 4.59E-01 1.31E-01
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Case1 can barely obtain reasonable results because of the dramatically low tally rate
caused by the strong shielding effect between cavity and source. On the contrary, owing
to the applications of the CADIS method, case2–4 obtain dose rates with acceptable
error. Among them, cases in which unstructured-mesh CADIS is applied give out dose
rates closer to measurements on the whole than in case2 the traditional CADIS method
is applied. Furthermore, the C/E of all reaction channels in case4 is closer to 1 than in
case3 because of the local mesh refinement in the radiometric monitor.

The relative statistical error and figure of merit (FOM) are listed in Table 3. It can
be drawn from the results of the case1 that conventional MC simulation is incompetent
since the unacceptable high variance. In certain reaction channels, the relative statistical
error reaches 100% because of the zero tally rate, resulting in terrible FOM. By contrast,
the relative statistical error is significantly reduced and the FOM is raised by 3–4 orders
in case2–4 the CADIS method is implemented. Case2 and case4 demonstrate that the
application of the unstructured-mesh CADIS method can further reduce the relative
statistical error by up to 22% compared to the traditional CADIS method. Besides,
case3 and case4 indicate that the local mesh refinement for the target region effectively
improves the computational efficiency of the unstructured-mesh CADIS method, which
is reflected in the reduction of relative statistical error and the boost of FOM.

4 Conclusions

The parallel three-dimensional unstructured-mesh neutron-photon coupled transport cal-
culation code NECP-SUN based on the SN method and discontinuous FEM is developed
and coupled with MC code NECP-MCX to study and implement the unstructured-mesh
CADIS method. The coupled code automatically generates unstructured mesh based
on the CSG model in MC input and performs adjoint transport calculation through the
unstructured-mesh FEM, the adjoint flux obtained is utilized to generate the parameters
of source bias and weight window for forward MC simulation. The numerical results
of the HBR-2 benchmark obtained by the coupled code show that for deep-penetration
problems, the unstructured-mesh CADIS method can obtain more accurate results with
less relative statistical error (up to 22% reduction) than the traditional CADIS method,
and the FOM is increased by up to 3–4 orders comparing to conventionalMC simulation.
Moreover, the efficiency and accuracy of the unstructured-mesh CADIS method can be
further improved by applying the refinement of meshes in target regions.
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Abstract. This paper carried out a seismic analysis of a nuclear island structure
under the site of a soft soil foundation, based on the spatial sub-structuring analysis
method. In order to fully consider the influence of embedment effect in the analysis,
the embedded part is modeled independently in the model. Then, the sensitivity
effects from the number of interaction nodes and the radius of the cylindrical
central area on the calculation time and results is studied. The research show
that: (1) Selecting the nodes only at the boundary of the embedded part as the
interaction points can significantly reduce the calculation time on the premise of
ensuring the accuracy of the results. (2) The value of cylindrical radius in finite
element model does not affect the calculation time and accuracy significantly, but
has a certain effect on the spectrum value. It is suggested to determine the radius
using the average value of the elements which are a large proportion in the model
for an non-uniform mesh. In this paper, the suggested values for two parameters
are provided based on the sensitivity analysis. The conclusions provide technical
reference for the seismic analysis of the deeply embedded nuclear buildings.

Keywords: Nuclear power plant · Soil-structure interaction · Embedment
effect · Sub-structuring method

1 Introduction

The safe design of nuclear power plant structure and reasonable safety assessment pro-
vide important guarantee for the high efficient development of nuclear energy. In the
seismic design of nuclear power structures, the nuclear building is usually buried below
the ground surface in order to obtain higher seismic performance [1]. However, the
seismic analysis of the building are usually performed without considering embedment
effect for simplification. In this case, the support effect from the lateral backfill soil
on the structure is ignored. Also, the stiffness of the whole SSI system is therefore
reduced which further affect the dynamic characteristic of the system and its response.
Additionally, the ground motion for seismic design is usually inputted at the bottom of
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the baseslab. The ground motion in a certain depth in the site is normally smaller than
the motion on the ground surface. In other words, the assumption without considering
embedment effect leads to a smaller seismic excitation. Hence, the results obtained from
analysis without embedment tend to be conservative [2].

However, non-bedrock sites or soil sites are becoming the potential construction
sites for nuclear power plant (NPP) in recent year due to the rapid development of
nuclear power and scarce hard rock sites. Therefore, the soil-structure interaction (SSI)
gradually draw the attention of nuclear structural engineers. For a soft site, non-uniform
distribution of the foundation bearing capacity and the dynamic soil pressure caused
by the embedment effect will affect the seismic response of the superstructure. Hence,
the embedment effect shall be considered in the seismic design and seismic in-structure
response spectra (ISRS) analysis for a nuclear building.

Many scholars have summarized the research on SSI effect [3]. Two widely-used
methods are: direct method and sub-structuring method. The sub-structuring method
is a frequency domain solution method. Its basic principle is to decompose the soil-
structure interaction system into three parts: the super structure, the foundation and the
excavated soil, and solve respectively. The load acting on the structure is obtained under
the condition of displacement coordination at the interface between soil and structure.
Comparedwith the direct method, the sub-structuringmethod has less degree of freedom
due to that the soil layer is assumed to be an analytical model. In addition, the damping
adopted by the sub-structuring method remains unchanged in the entire frequency range
and ismore stable. The sub-structuringmethod [4] is based on the superposition principle
and is suitable only for linear analysis systems. Therefore, sub-structuring method is
widely used in the field of nuclear engineering because the nuclear structure is required
to maintain a linear state under the safe shutdown earthquake.

The ACS SASSI software used in this study is based on the sub-structuring method.
The sensitivity analysis is conducted for two key parameters in the embedded effect
analysis such as: the selection principle of the interaction node and the radius of the
cylindrical central area. The conclusions provided technical reference for the seismic
analysis and ISRS calculation of the deeply embedded nuclear buildings.

2 Analysis Model

2.1 Finite Element Model of the Superstructure

To avoid the influence from the adjacent buildings on the analysis results, a separate
reactor building (including the internal structure and containment) in a Small Modular
Reactor was selected as the analysis object in this analysis. The key information of
the model of the reactor building is shown in Table 1, and the finite element model
established in ANSYS is shown in Fig. 1.

In the model, the embedded part of the structure and the excavated volume are
modeled separately but have common nodes at their interface. The characteristics of the
excavated volume are consistent with the surrounding soil. And the vertical height of
the element of the backfill soil is same to the thickness of the soil.
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Table 1. Key information of the finite element model

Part Size (m) Element type

Containment �16.50 × 37.20 Shell element

Internal structure
—

Shell element
/beam element
/mass element

Embedded part �19.00 × 12.50 Solid element

Backfill soil �19.00 × 2.50 × 12.50 Solid element

Fig. 1. Finite element model for sensitivity analysis of deep embedded SSI parameters

2.2 Parameters of the Site

According to the geological survey report, the target site in this study is a kind of soft
soil site. The building is located on silty clay. The detailed parameters of silty clay are
shown in Table 2.

Table 2. Key information of the finite element model

Parameters(unit) Value

Density (kg/m3) 1980

Dynamic shear modulus (GPa) 0.19

Dynamic elastic modulus (GPa) 0.55

Compression wave velocity (m/s) 1510

Shear wave velocity (m/s) 313

Damping ratio (%) 3.2

Dynamic Poisson’s ratio 0.48



448 Z. Liu et al.

2.3 Seismic Input

According to the safety assessment report of the site, the standard spectra RG1.60 is
adopted in the sensitivity analysis. Although the target site of this paper is soft soil, the
site amplification effect is not the focus of this study. Therefore, the input position of
the RG1.60 spectra is assumed to be at the bottom of the building.

A single group of seismic acceleration time histories(shown in Fig. 2(a) –c)) com-
patible to RG1.60 spectra are used in ACS SASSI. The duration of the time history is
40 s and the time interval is 0.005 s. Both the peak ground accelerations (PGA) for
horizontal direction and the vertical direction are 0.30 g.
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Fig. 2. The input acceleration time history curves
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2.4 Observation Nodes at Key Positions

In order to observe the influence of changing parameter on the ISRS, nodes at two key
positions of the superstructure (elevations of 16 m and 6 m, respectively) were selected
for output and comparison. The positions and numbers of the observation nodes are
described in Table 3 and illustrated in Fig. 3.

Table 3. Observation nodes at key positions

Elevation Node number Detailed position

16m a(6339), b(6340), c(6347), d(6436) See Fig. 3-(a)

6m e(5698), f(5780), g(5869) See Fig. 3-(b)

(a)Observation nodes on the elevation of 16m 

(b)Observation nodes on the elevation of 6m 

Fig. 3. The positions and numbers of the observation nodes
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3 Sensitivity Analysis Results

3.1 Selection of the Interaction Nodes

The solution of foundation impedance is the most time-consuming procedure in SSI
analysis by using the sub-structuring method, and it is depended to the number of inter-
action nodes. According to the statistical data in Fig. 4, the time-consuming increases
exponentially with the increase of the number of interaction nodes.

Fig. 4. Relationship between number of interaction nodes and calculation time

For an SSI analysis with deeply embedment, if all nodes in the embedded part are
specified as interaction nodes, it can be predicted that there will be a large amount
of the interaction nodes when the embedded depth is large. Therefore, the calculation
time cannot meet the requirement of the construction period. To provide an appropriate
selection method for the interaction nodes, three interaction node selection methods (as
shown in Fig. 5 (a) –c)) were tested: method A is to define all nodes in the embedded
part as the interaction node; method B is to select the nodes around the embedded
part; method C is based on the method B, but several layers of nodes in the embedded
part are also defined as interaction nodes. According to these three interaction node
selection methods, the SSI analyses for the deeply embedded reactor building using
above-mentioned three methods are carried out respectively.

In method C, two different selection are made. The first conditions is to add one
intermediate layer of nodes on the basis of method B, namely working condition 1–
2. The second condition is to add two intermediate layers of nodes, namely working
condition 1–3.

Table 4 showed the relationship between the number of interaction nodes and the
calculation time.
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(a) Methods A 

(b) Methods B 

(c) Methods C 

Fig. 5. Schematic diagram of selection method for interaction nodes

Table 4. The interaction nodes and the calculation time of different methods

Condition number Selection methods Number of interaction
nodes

Calculation time per
frequency

1–1 B 822 13.765 s

1–2 C 1093 22.365 s

1–3 C 1364 36.230 s

1–4 A 2177 94.500 s

Figure 6 and Fig. 7 showed the comparison of the ISRS from different working
conditions. It can be found that the ISRS from four methods are nearly the same. The
maximum relative error of the ISRS between methods is only about 3.75%. In other
words, for the sensitivity analysis model, all the methods can provide stable and accurate
analysis results. Hence, method B has the highest computational efficiency and the time
consumption is only 15% of that of method A.
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(a) ISRS of X direction 

(b)ISRS of Y direction 

(c)ISRS of Z direction 

Fig. 6. Comparison of the ISRS of node A on the elevation of 16 m
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(a) ISRS of X direction 

(b)ISRS of Y direction 

(c)ISRS of Z direction 

Fig. 7. Comparison of the ISRS of node F on the elevation of 6 m

3.2 Radius of the Cylindrical Central Area

According to the basic principle of the sub-structuring method, the impedance matrix is
obtained by inverting the flexibility matrix. For the three-dimensional SSI analysis of the
nuclear island, the solution of the flexibilitymatrix [Ff] of the three-dimensional problem
is the most time-consuming problem, and the solution of the flexibility matrix of the
three-dimensional problem is to determine the displacement response of the horizontal
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layered system under the element simple harmonic point load, which can be solved by
the axisymmetric model in Fig. 8.

Fig. 8. Axisymmetric model for impedance analysis [5]

The model contains two areas, one is a cylindrical central area with a radius of
R, which is composed of axisymmetric elements, and an axisymmetric transmission
boundary outside the simulated central area. The bottom can be a fixed boundary, or a
viscoelastic half space approximated by a variable thickness and a viscous boundary.

When solving the flexibility matrix, it is not necessary to apply the element harmonic
load to all the interaction points to solve the dynamic displacement, but only to apply the
load to a row of nodes on the soil interface covering the buried depth of the foundation
in turn, and the element width is taken as the minimum transverse distance between
the interaction nodes. The response of load on other nodes can be obtained simply by
horizontal coordinate translation The radius R of the central area is taken as the smallest
lateral distance between the interaction nodes. Changing R affects the flexibility matrix
[Ff], and then affects the impedance matrix [S(ω)] of the SSI system, and finally changes
the response of the whole system.

If the mesh of the embedded part or the base slab are relatively uniform, the value of
R can be determined by the average value of the mesh size. However, in most practical
projects, it is difficult to get an uniform mesh for the base slab. Figure 9 shows the mesh
of the reactor building model.

To determine a relative reasonable value of R, five radius values of 1.80, 1.98, 1.56,
1.00, and 0.66 were selected in the analysis. Table 5 shows the selection principle for
different radius R.

Figures 10 and 11 show the comparison results of the ISRS in the horizontal X
direction, the horizontal Y direction and the vertical Z direction, respectively.

For both the horizontal X and Y direction, it can be seen that the change of R has
slight effect on the shape of the ISRS.WhenR is taken as 1.80, 1.98 and 1.56 respectively,



Research on Parameter Sensitivity for Deeply Embedment SSI Analysis 455

Fig. 9. Mesh generation of base plate for trial model

Table 5. Selection principle for different radius R

Condition number Value of R Selection principle

2–1 1.80 Based on the relatively uniform grid size outside the core

2–2 1.98 Based on the maximum grid size at the bottom of the core

2–3 1.56 Based on the weighted average value of bottom plate grid size

2–4 1.00 Based on the engineer’s experience

2–5 0.66 Based on the size of dense grid at the bottom

the ISRS are nearly the same. When R is taken as 1.00, the acceleration response of the
containment and the internal structure increases. When R is taken as 0.66, the ISRS of
the containment and the internal structure is slightly reduced. However, the response of
the backfill soil in Y direction increases.

For Z direction, it can be seen that the ISRS from different radius are nearly the
same. When R is taken as 0.66, the value of ISRS at the frequency higher than 20 Hz is
amplified.

In general, the change of the radius R within a reasonable range has negligible effect
on the shape and value of the ISRS. However, it can also be seen that radius of 1.80,
1.98 and 1.56 provided a relative stable results compared to radius of 1.00 and 0.66.

It is suggested that for non-uniform mesh, the value of the radius R can be estimated
by weighted averaging, or take the grid sizes that accounts for a large proportion in the
model. Deviation. It is not reasonable to estimate based using the grid sizes of a small
percentage in the model or take the maximum or minimum grid size.
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(a)Response spectrum-X 

(b)ISRS of Y direction 

(c)ISRS of Z direction 

Fig. 10. Comparison of ISRS of node A for different radius R
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(a)Response spectrum-X 

(b)ISRS of Y direction 

(c)ISRS of Z direction 

Fig. 11. Comparison of ISRS of node F for different radius R
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4 Conclusions

In this paper, sensitivity analysis for a deeply embedded reactor building is carried out.
The sensitivity of changing selection method of the interaction nodes and the radius of
the cylindrical central area are studied. The conclusion is as follows:

Three interaction node selection methods used in this study are all applicable. How-
ever, the calculation time ofmethodB ismuch less than other twomethods on the premise
of enough accuracy. It is suggested to perform similar sensitivity analysis for selection
interaction nodes before starting SSI analysis to determine an optimum interaction node
number.

The central radius R has little effect on the shape and value of the ISRS. The value
of the radius R obtained by weighted averaging, or taking the grid sizes that accounts
for a large proportion in the model provides a relative stable response.

Apart from the two parameters studied in this paper, there are other ley influence
parameters in deeply embedment analysis that might affect the result and calculation
effectiveness of theSSI analysis, such as the thickness of the top layer and the element size
of the superstructure. Further sensitivity analysis related to them shall be carried out to
establish a suggestion principle guideline for each key parameters in deeply embedment
analysis, ensuring the stability and rationality of the SSI analysis.
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Abstract. During the normal operation of a pressurized water reactor plant,
RPN430KA (quadrant power tilt rate over 3%) alarms were issued several times,
and the alarm frequency increased with the increase of burnup, which affected
the normal operation of the unit. The original signal of this alarm is from four
power range channels (RPN). After the process of signal filtering, if the difference
between the maximum and minimum nuclear power is still greater than 3%, the
alarm will be triggered. In this paper, the root cause of the quadrant power tilt
rate alarm phenomenon is studied, and targeted solutions are given. The research
shows that the main factor affecting the alarm is the inconsistency between the
filtering sampling time during the discretization process and the physical sampling
time of the alarm signal, and the induced reason is that the fluctuation of nuclear
power gradually increases with the deepening of burnup. The nuclear power fluc-
tuation is a noise signal with too many complex factors but existed objectively.
Therefore, in the case of large fluctuation of nuclear power, if the actual filtering
effect is not achieved, it is easy to appear alarm phenomenon, which can be solved
by modifying the sampling time of signal processing. The results of this paper can
be used as reference for plant operation.

Keywords: Quadrant power tilt rate · Alarm · Nuclear power fluctuation ·
Discretization · Filtering sampling time

1 Introduction

The core quadrant power tilt ratio (QPTR) is defined as the ratio of the average power
of a certain quadrant of the core to the average power of the whole reactor, which is
an index to measure the asymmetry of radial power distribution of the core (referring
to 1/4 symmetry). In the actual core, except some accident conditions, due to manu-
facturing tolerance, installation tolerance, loop asymmetry, operation history effect and
other reasons, the physical quantities affecting power distribution in the core can not
be completely symmetrical in practice, that is, there is a phenomenon of core quadrant
power tilt.

In the PWR nuclear power plant, there are many quadrant power tilt related alarm
signals. One of the alarm signal is the quadrant power tilt rate which is defined as
the difference between the maximum and minimum nuclear power displayed in four
RPN power range channels, and is set in LOCA monitoring system (LSS) after filtering
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process. The alarm signal variable is defined as RPN430KA, and the alarm logic diagram
is shown in Fig. 1. The alarm threhold is set to 3%.When theRPN430KA signal is greater
than 3%, the alarm will be triggered.

Pr(max) Pr(min)

Σ

Pth(avg)

Dpazn/Pth

430KA

DPazn(max)

AS=0 AS=1

S1
YES

DPazn(rel)

Fig. 1. Logical figure of RPN430KA alarm signal

In which:

– Pr(max): Maximum power of four power range channels
– Pr(min): Minimum power of four power range channels
– Pth(avg): Average thermal power in LSS system
– AS = 1: the alarm is triggered with DPazn (rel) parameter which equals to the ratio

of maximum quadrant tilt rate to relative average thermal power
– AS = 0: the alarm is triggered with DPazn (max) parameter which equals to the
difference of maximum nuclear power and minimum nuclear power.

Unit X (AS is set to 0) of a PWR nuclear power plant has flashed RPN430KA alarm
several times during normal operation in the middle and late life of a certain cycle.
When the cycle burnup reaches to 65%, the alarm trigger frequency is about once in
month. After burnup of 80% EOL, the trigger frequency increases, and the alarm trigger
frequency has reached once a day or even many times a day.

2 Root Cause Analysis

According to Fig. 1, the triggering of RPN430KA is mainly affected by several aspects.
First, the nuclear power signal measured by RPN will trigger an alarm if the nuclear
power deviation in different quadrants is large. Second, the process of filtering can reduce
the number of alarm triggering if the filtering effect is good. This paper analyzed the
cause from these two aspects.
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2.1 RPN Measurement Data Analysis

Theoretically, the nuclear power of the four power range channels are all the same, but
due to quadrant power tilt, neutron noise and other factors, the nuclear power mean
values of the RPN four channels are different and fluctuate in a certain extent. So data
analysis of RPN power of X unit in different cycles and different burnups is needed.

Figure 2 shows the standard deviation comparison of nuclear power fluctuation under
the burnup of about 17000MWd/tU at the end of cycle life of X unit with different RPN
measurement channels in different cycles.

It can be found that the fluctuation of nuclear power in cycle C02 is similar to that in
cycle C03, and the fluctuation in cycle C04 is slightly larger, which is consistent with the
phenomenon that RPN430KA alarm phenomenon is more frequent at the end of cycle
C04 1.

Marcus Seidl studied the neutron noise phenomenon of nuclear power fluctuation
[2, 3]. The research showed that the fluctuation amplitude of nuclear power increases
with the increase of the absolute value of moderator temperature coefficient, Generally
speaking, the absolute value of moderator temperature coefficient is larger at the end of
cycle life, so the fluctuation amplitude of nuclear power is larger than that of beginning
of cycle.

Figure 3 shows the variation of the absolute value of moderator temperature coef-
ficient in different cycles of X unit with burnup. It can be seen from the figure that
the absolute value of moderator temperature coefficient in cycle C04 is larger than that
in cycle C03 at the same burnup. In the same cycle, the absolute value of temperature
coefficient of moderator at the end of life is larger than that of beginning of cycle. This
is consistent with the fact that the nuclear power fluctuation of cycle C04 is larger than
that of cycle C03 and the nuclear power fluctuation of cycle C04 is larger at the end of
cycle than that of beginning of cycle.

Nuclear power fluctuation or neutron noise fluctuation is a very complex phe-
nomenon, which has been studied in the world and is still being further studied
[4, 5].

Therefore, from the data analysis of RPN measurement, it can be seen that the large
fluctuation of nuclear power at the end of cycle C04 is a promoting factor for the alarm
of quadrant power tilt rate signal (RPN430KA).

2.2 Filtering Effect Analysis

According to the logic diagram of RPN430KA alarm, the difference between the max-
imum value and the minimum value of nuclear power signal is processed by a filter.
The transfer function of the first-order filter is 1/(1 + τs), in which τ is the filter time
constant. After discretization, the transfer function can be written as follows:

tNewOutput = a× tLastOutput+ b× tLastInput+ c× tNewInput (1)
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Fig. 2. Neutral flux fluctuation amplitude under different cycles at EOL

Fig. 3. Change of absolute value of MTC with burnup

in which:
tNewOutput: output result of current time step after filtering;
tLastOutput: output result of last time step after filtering;
tLastInput: input data of last time step;
tNewInput: input data of current time step.
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Where a, b and c are weight coefficients. Through proper weighting processing of
the original signal at current and last time step and the filtered signal at the last time
step, the current filtered output result is finally obtained. The choice of weight coefficient
greatly affects the filtering effect, which is defined as follows:

a = 1.0−(SampleTime/d);
b = −a + (Tau/d);
c = 1.0−(Tau/d);
d = Tau + (SampleTime/2.0) + (SampleTime/(12.0 × Tau × Tau)).

Where Tau is the time constant (τ), and its initial design value is 20 s, SampleTime
is the time of sampling.

The filtering time constant and SampleTime jointly determine the weight coefficient.
In principle, the SampleTime depends entirely on the frequency at which the original
signal is collected. If the sampling frequency of a system is determined, the filtering
effect can only be modified by time constant.

Assuming a group of input signals, the deviation signal DPazn (max) between the
maximum value and the minimum value of RPN core power changes as the input signal
in Fig. 4 (note that this input signal amplitude is larger than the actual value onsite, and it
is only assumed for the convenience of observing the filtering effect). In order to monitor
the effect of filtering, the time interval of the input signal is 50 ms, and the values of Tau
are 20s and 0.5s. The input signal and output effect at different SampleTime are shown
in Fig. 4 below.

It can be seen from the comparison that when the filtering time constant Tau is
20s, the setting of SampleTime has a great influence on the filtering effect. When the
SampleTime setting is consistent with the time interval of the input signal (both are
50 ms), the filtering effect is better, while when the SampleTime setting is larger, the
filtering effect is worse.

Fig. 4. Output of filter with different Tau and SampleTime
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When SampleTime is set to 50 ms and the filtering time constant is 0.5 s, the filtering
effect is basically the same as that when Tau is set to 20 s and SampleTime is set to 2 s.

After onsite inspection, in order to shorten the response time of the system, the
SampleTime for calculating the weight coefficient was modified in the design of Unit X,
which was inconsistent with the physical sampling frequency of the system. Its effect
on the weight coefficient is equivalent to changing the filtering time constant without
changing the SampleTime.

Therefore, the main reason for the RPN430KA alarm is that the SampleTime in
the discretization calculation of LSS system of Unit X is inconsistent with the physical
sampling time, and a larger SampleTime is set.

3 Research in Solution

The purpose of setting RPN430KA alarm in LSS system is to monitor the power tilt of
core quadrant and the operation state of core during normal operation. For noise signals,
effective filteringmeans should be used. According to the cause analysis, it can be solved
from two aspects for the alarm:

One method is the effective filtering setting. This method includes setting a suitable
filtering time constantTau and setting a sampling time (SampleTime)which is the sameas
the physical sampling frequency during discrete processing. Tau= 20s and SampleTime
= 50 ms are recommended for unit X.

The second method is to reduce the fluctuation amplitude of nuclear power as much
as possible. The reason of nuclear power fluctuation is complex, and it is closely related
to the temperature coefficient of moderator from the phenomenon. Therefore it can be
considered to optimize the temperature coefficient of moderator as much as possible in
the design of fuel management, especially for the end of life. From the reason analysis of
current research, the fluctuation of nuclear power is closely related to the fluctuation of
core inlet flowrate. So in the design of a new reactor type, it is necessary to optimize the
flow distribution device as much as possible to reduce the flow fluctuation of core inlet
flowrate. For the in-service unit, because its flow distribution device has been finalized,
it needs to be considered from other aspects.

In view of the first solution, this paper investigates the RPN430KA alarm of Y unit.
For the same cycle, under almost similar fuel management strategies, the nuclear power
fluctuation standard deviations of Unit X and Unit Y under the same burnup at the end
of cycle are shown in Fig. 5. It can be seen that the fluctuation amplitude of cycle C03
of Unit X is equivalent to that of Unit Y, and the fluctuation range of cycle C04 of Unit
X is slightly larger at the end of life. According to RPN430KA alarm statistics, the
SampleTime of Unit Y is consistent with the physical sampling time, and there is no
alarm during normal operation, but there is a certain alarm phenomenon of Unit X. It
can be seen that this scheme has a good effect on solving the alarm of quadrant power
tilt rate RPN430KA in normal operation.
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Fig. 5. Comparison of neutral flux fluctuation amplitude

4 Conclusions

In this paper, the quadrant power tilt rate alarm phenomenon of a PWR nuclear power
plant is studied. Based on its alarm logic, the root cause is analyzed, and the solution is
determined. Research shows that:

(1) The main reason of the quadrant power tilt rate alarm is that the sampling time
(SampleTime) is not consistent with the physical sampling time when the LSS
system discretizes the filter link. The contributing factor is that the nuclear power
of the unit fluctuates greatly at the end of the cycle.

(2) In terms of solution, the abnormal alarm phenomenon of the unit can be well solved
by optimizing the setting of SampleTime. At the same time, in order to reduce
the fluctuation amplitude of nuclear power, for in-service units, the temperature
coefficient of moderator can be optimized by optimizing fuel management scheme,
and for new units, the flow distribution device should also be optimized to reduce
the fluctuation of inlet flow.

The research results of this paper can also be used as relevant good experience (RGP)
of a new reactor design. Appropriate alarm setting is of great significance for monitoring
quadrant power tilt and ensuring stable operation of the unit.
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Abstract. In this paper, two typical candidate structural materials of 316L and
T91 with different surface roughnesses were studied at temperatures from 200–
500 °C. The surface with different roughness was prepared by mechanical polish-
ing on the sandpapers with particle sizes from 400 to 2000 mesh. The wetting test
was carried out in a smart contact anglemeasuring device by using the sessile-drop
method. Meanwhile, the microstructure of the liquid-solid surface was analyzed
by scanning electron microscope (SEM). The results show that the surfaces of
both materials are non-wetting to LBE in the tested temperature range. The con-
tact angles of LBE drop onmaterial surfaces decrease with increasing temperature
in general. However, it appears to increase significantly at 400 °C for both two
materials. Besides, the decrease of surface roughness can effectively inhibit the
wettability of LBE on the material surface. In addition, compared with 316L, the
wetting of the LBE to T91 surface is better, indicating the higher tendency of
LME for T91 in practical application. These results can provide references for the
prediction of the LME behavior of structural materials.

Keywords: Structural materials · LBE · Wettability · Surface roughness

1 Introduction

Liquid lead-bismuth alloy (Pb44.5%, Bi55.5%, LBE) as the coolant of LFR, possesses
favorable thermophysical property, neutron radiation-resistant, and chemical stability
[1–4]. However, the working environment of LBE is easy to cause the problem of liquid
metal embrittlement (LME) of stressed structural materials. The phenomenon of LME
occurring under specific load or environmental conditions may lead to rapid and uncon-
trollable crack growth, which cause the transition of liquid metal from ductile fracture
mode to brittle fracture mode under plastic deformation [5, 6]. There are many compli-
cate factors affecting the LME. The “adsorption theory” of the solid-liquid two-phase
interface is widely used for explaining the phenomenon of LME [7]. It is considered that
the liquid metal atoms adsorbed on the steel surface reduce the binding energy between
the main alloy elements (such as Fe, Cr, Ni, etc.) of the steel, thereby reducing the
fracture toughness of the steel and leading to early fracture [7, 8]. The wetting behav-
ior between liquid metal and structural materials can qualitatively reflect the adsorption
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capacity of the steel to liquid metal atoms and has guiding significance for the prediction
and mechanism study of brittle fracture of structural materials in liquid metal [9].

At present, there are a large amount of data on the wettability between liquid met-
als and materials. However, the research data about the wettability between LBE and
structural materials are limited. Among them, D. Giuranno et al. [10] studied the wet-
ting behavior of LBE and lead on AISI 316L at different temperatures. They found that
the contact angle of LBE on the sample was smaller than that of pure lead. Liu Jing
et al. [11] conducted real-time contact home test of liquid lead and LBE at different
temperatures on T91 steel surface. It is concluded that the contact angle of T91 in both
systems is greater than 90°, indicating that liquid lead and LBE are in a nonwetting state
with T91 steel. And the contact angle of the two systems decreased with the increase
of temperature. Besides, Zhen Qi et al. [12] studied the contact angle of liquid lead on
alumina substrates with different roughness at temperature range from 923K to 1123K.
With the increase of surface roughness, the increase of the actual surface area of the
substrate leads to the increase of surface free energy, which increases the contact angle.
However, there is little research on the influence of different surface roughness of LBE
and structural materials on wettability.

In this work, T91 and 316L steels with different roughness were prepared. The sur-
face roughness values and three-dimensional surface morphology were measured. The
contact angles of LBE on different samples were measured systematically at temper-
atures ranging from 200 to 500 °C. The reasons for the difference of wettability were
analyzed by observing the micro morphology of boundary between LBE and sample
surfaces.

2 Experimental

2.1 Samples Preparation

Two typical candidate structural materials 316L and T91 are selected. The nominal com-
position of commercial 316L and T91 steels is shown in Table 1. Before the experiment,
the two materials were cut into small pieces of 15 × 5 × 1.5 mm3 in size. To make dif-
ferent surface roughness, the UNIPOL-802 automatic precision grinding and polishing
machine of Shenyang Kejing Auto-instrument Co, LTD. (Fig. 1-a) was used to perform
surface treatment on the surfaces of the two materials. Four samples are selected for
each material, and the treatment method is shown in Table 2. The polishing time on each
type of sandpaper was 20 min. The mirror polishing time was 30 min. All the samples
were stored in vacuum before the experiment. For the polished samples, the roughness
and three-dimensional morphology were measured by atomic force microscope (AFM).

2.2 Wetting Test

The wetting test was carried out on the contact angle measuring device by using static
drop method. The device is shown in Fig. 2.

The LBE droplet was 0.25 g in weight with an error of ± 0.005 g. Before experi-
ments, LBE droplets were heated and melted in glycerol at 300 °C and quickly stirred to
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Table 1. Chemical composition of experimental steel (in wt. %).

Fe Cr C Si Ni V Mn N P S Mo Nb Al Ti

316L Bal 16 0.022 0.51 10.1 - 1.58 - 0.029 0.016 2.2 - - -

T91 Bal 8.2 0.09 0.31 0.06 0.2 0.39 0.44 0.1 0.02 0.93 0.07 0.05 0.02

Table 2. Sample preparation method.

Samples Label 400#polished 1200#polished 2000#polished Mirror
polished

Alcohol
ultrasonic
cleaning

Acetone
ultrasonic
cleaning

316L 1#
√

- - -
√ √

2#
√ √

- -
√ √

3#
√

-
√

-
√ √

4#
√

-
√ √ √ √

T91 5#
√

- - -
√ √

6#
√ √

- -
√ √

7#
√

-
√

-
√ √

8#
√

-
√ √ √ √

Fig. 1. Polishing process: (a) UNIPOL-802 automatic precision grinding and polishing machine,
(b) Sample loading platform, (c) Prepared sample.
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discharge air after reaching the preset temperature. The purpose is to make the droplet
shape more regular. Then cooled in glycerin. Put the cooled sample into acetone for 2
min, removed the residual glycerol on the sample surface, and then stored it in vacuum.

Before the experiment, the test bench was leveled to ensure that the sample was in
a horizontal state. When the test began, one sample was placed on the metal ceramics
heater (MCH), and the prepared LBE droplet was placed on the center of the sample
surface. Then, high-purity argon was introduced to remove the air in the chamber, and
the argon atmosphere in the chamber was maintained during the experiment. The test
temperature was from 200 °C to 500 °C, and every 50 °C was a test recording point.
When the temperature reached the set temperature point, the image of the sessile droplet
was taken by the camera after 0.75h. In order to explore the influence of contact time
on contact angle, the contact angle of four samples (1#, 4#, 5# and 8#) were tested after
keeping the temperature at 500 °C for 6 h. The cross-section of the boundary between
droplet and sample surface were analyzed by SEM.

Graphical analysis software JC2000 was used to analyze the droplet photos. Contact
angles value was measured by the five-point fitting method, as shown in Fig. 3.

Fig. 2. Contact angle measuring device: (a) Device picture, (b) Schematic diagram.



472 T. Yan et al.

Fig. 3. Five-point fitting example.

3 Results and Discussions

3.1 Surface Morphology Analysis

Figure 4 shows the 3D morphology of the surface roughness of eight samples by AFM.
There are obvious differences between samples polished with different sandpapers. Dif-
ferent colors in the figure represent different heights. The surface roughness characteriz-
ing in Sa is shown in the figure. The larger the Sa value, the rougher the sample surface.
As the mesh number of sanding paper increases, the Sa value decrease and the sample
surface becomes more flat. After mirror polishing, almost no bulge exists on the surface
of the sample. The surface roughness of the two steels is different when they are polished
under same conditions, which may be caused by the difference of steel hardness.

3.2 Contact Angle

The contact angle measured by the five-point measurement method refers to the angle
θc between the tangents of the gas-liquid interface as shown in Fig. 5. The relationship
between contact angle and liquid surface tension can be obtained fromYoung’s equation
[13].

cos θc = γSG − γSL

γLG
(1)

In the above formula, γSG, γSL and γLG represents the free energy of solid-gas,
solid-liquid and liquid-solid interfaces respectively. When the surface roughness of the
sample increases, it will cause obstacles to the liquid paving, the solid-liquid free energy
γSL decreases, the contact angle increases, and the wettability becomes worse. When
θc = 0°, define that the liquid completely wets the solid surface. When 0 < θc ≤ 90°,
solid surfaces are defined as wetted surfaces. When 90° < θc ≤ 150°, solid surfaces are
defined as nonwetting surfaces. When θc ≥ 150°, Solid surfaces are defined as super
nonwetting surfaces.

The contact angles of LBE droplet on 316L sample surface with different roughness
are shown in Fig. 6.
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Fig. 4. 3D topography of AFM on different surfaces. (a) 316L 400#, (b) 316L 1200#, (c) 316L
2000#, (d) 316L mirror polished, (e) T91 400#, (f) T91 1200#, (g) T91 2000#, (h) T91 mirror
polished.

Fig. 5. The contact angle of a liquid drop on the solid surface.

As shown in Fig. 6 (a). All the contact angles of LBE on 316L samples surfaces
are greater than 149°, indicating that they are nonwetting to LBE. With the increase of
temperature, the contact angle shows an increasing trend as a whole. For example, when
the temperature is 200 °C, the contact angle of the sample surface polished by 400#
sandpaper is 158.32°. With the increase of temperature, the contact angle decreases to
153.36° at 350 °C. When the temperature rises to 500 °C, the contact angle continues
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Fig. 6. Contact angle with different roughness. (a) 316L, (b) T91.

to decrease to 152.29°. A special temperature point can be seen from the overall trend.
When the temperature rises to 450 °C, the contact angle of the four samples increases.
Thismay be caused by the change of surfacemorphology caused by carbide precipitation
of austenitic stainless steel. Besides, with the decrease of surface roughness, the surface
contact angle reduces significantly. This means that the increase in surface roughness
helps to reduce the wettability of LBE on 316L surfaces.

As shown in Fig. 6 (b). The contact angle of LBE on T91 samples surfaces is greater
than 145°.which is also nonwetting to LBE. The change trend of contact angle with
temperature and roughness is the same as that of 316L steel.

Figure 7 compares the contact angle of LBE on two stainless steels with same rough-
ness. The contact angle of 316L is greater than that of T91 on each surface roughness.
The difference of surface contact angle between the two steels after mirror polishing is
the smallest. As the surface becomes rougher, the difference of contact angle between
the two steels becomes larger. This indicates that the wettability of LBE to 316L steel
is worse under the same temperature and surface roughness. It can be inferred that T91
steel has a higher tendency of LME under the actual operating conditions of the reactor.
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The influence of contact time on contact angle is shown in the Fig. 8.With the increase
of holding time, the surface contact angle between smooth surface and rough surface
shows obvious difference. For the smooth surface obtained by mirror polishing, with
the increase of holding time, the contact angle of 316L steel decreases from 148.69° to
136.04°, and that of T91 steel decreases from 146.76° to 143.82°. For the rough surface
obtained by grinding with 400# sandpaper, with the increase of holding time, the contact
angle of 316L steel increases from 152.29° to 158.22° and that of T91 steel decreases
from 149.45° to 151.68°. In the change of contact angle between the two surfaces, the
change degree of 316L steel is much greater than that of T91 steel. At high temperature,
the mutual diffusion of elements intensifies, which accelerates the interaction between
liquid metal and material surface, which leads to the enhancement of wettability. This
phenomenon can be effectively suppressed by using only rough surface treatment. In
contrast, the surface roughening treatment has a better inhibition effect on the infiltration
behavior of LBE on the surface of austenitic stainless steel.

Fig. 7. Comparison of contact angle between 316L and T91 steel at the same roughness.
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Fig. 8. Influence of contact time on contact angle.

3.3 Contact Time Affects

As mentioned above, with the increase of contact time, the change of contact angle of
high and low roughness surfaces shows an opposite trend. In order to further analyze
the influence of holding time on the infiltration degree of LBE on the surface of the
material, SEM was used to analyze the morphology of 316L interface of LBE under
different polishing degree and holding time. The cross-sectional morphology is shown
in Fig. 9. It can be seen that when the holding time is 0.75h, LBE at the surface of
materials with different polishing conditions is incomplete infiltration, and there are
certain gaps at the interface. With the increase of contact time, LBE infiltrates into the
surface gap. For rough polished samples, the surface gap is completely penetrated by
LBE, and thematerial surface is in close contact with LBE. For the fine polished samples,
in addition to the complete penetration of LBE at the surface, the original flat surface
was also found to become rough. The matrix elements of the material diffuse to the LBE,
and the combination between the two is closer. Combined with the analysis results of
contact angle, it can be seen that with the increase of holding time, the existence of initial
rough surface increases the time of complete contact of LBE on the material surface,
effectively delaying the dissolution of matrix elements to LBE. The smooth surface is
more prone to lead bismuth alloy infiltration, which is not conducive to inhibiting the
dissolution of matrix elements in LBE. Therefore, in practical engineering applications,
rough polishing of the surface of structural materials is more conducive to the inhibition
of LME.
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Fig. 9. Cross-section morphology of (a) 316L 400#-0.75h, (b) 316L 400#-6h, (c) 316L mirror
polished-0.75h, (d) 316L mirror polished-6h, The green dashed line indicates the location of the
original surface of the material.

4 Summary

This paper mainly studied the LBE contact angle of 316L and T91 steels with different
surface roughness at 200 ~ 500 °C to analyze the change of wettability, combined with
the SEM analysis results. The conclusion can be drawn as follows.

(1) With the increase of temperature, the contact angle of two kinds of stainless steels
on different roughness surfaces decreases gradually.

(2) With the increase of roughness, the surface contact angle of the two stainless steels
decreases at any temperature.

(3) With the increase of holding time, the contact angle of the two steels on the smooth
surfaces decreases, while increases on the rough surfaces.
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(4) In contrast, LBE has better wettability to T91 than 316L, indicating that 316L has
a lower tendency of LME in practical applications.
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Abstract. UO2(NO3)2 and UF4 are significant intermediates that connect dif-
ferent chemical unit operations (such as dissolution, evaporation, concentration,
extraction and etc.) in uranium chemical industry. Commonly, there is a basic
physicochemical question about phase equilibriumof ternary systemsUO2(NO3)2
+HNO3 +H2OandUF4 +HF+H2O, it is crucial to understand the phase behav-
ior and thermodynamic properties of them with the continuous development of
uranium chemical industry. In this study, solid-liquid phase equilibria of ternary
systems UO2(NO3)2 + HNO3 + H2O and UF4 + HF + H2O at 298 K were
studied by means of isothermal dissolution method, the solubilities and densities
of equilibria liquid phase were investigated experimentally for two systems, the
composition of equilibria solid phase of system UO2(NO3)2 + HNO3 + H2O at
298 K were determined by Scherinemakers’ wet residue method, and the method
of X-ray diffraction was used to determine the composition of equilibria solid
phase for system UF4 + HF + H2O at 298 K. Phase diagrams and diagrams of
density-composition were constructed for systems UO2(NO3)2 + HNO3 + H2O
and UF4 + HF + H2O at 298 K. Results show that there are unique isothermal
dissolution curve for two ternary systems, and corresponding crystallization zone
are UO2(NO3)2·6H2O and UF4·2.5H2O, respectively.

Keywords: Solid-liquid Equilibria · Uranium Nitrate · Uranium Tetrafluoride

1 Introduction

UO2(NO3)2 and UF4 are significant intermediates that connect different chemical unit
operations in uranium chemical industry, such as dissolution, evaporation, concentration,
extraction and etc. Commonly, HNO3 was widely used to dissolve U3O8, UO3, UO2, or
UF4, and HF was used to produce UF4 in uranium chemical industry. Herein, a ternary
system UO2(NO3)2 + HNO3 + H2O widely existed in unit operations of the former
mentioned, and ternary systemUF4 +HF+H2O can be simplified in the unit process of
the latter mentioned. There is a basic physicochemical question about phase equilibrium
of two ternary systems mentioned above, it is crucial to understand the phase behavior
and thermodynamic properties of them with the continuous development of uranium
chemical industry.
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For ternary system UO2(NO3)2 + HNO3 + H2O, research temperature mainly
was focused on 298 K – 357 K, in literature [1], three crystalline phase regions can
be found for ternary system UO2(NO3)2 + HNO3 + H2O, which corresponding to
UO2(NO3)2·6H2O, UO2(NO3)2·3H2O and UO2(NO3)2·2H2O, respectively. It was sug-
gested that the crystalline form of UO2(NO3)2 is not only related to temperature, but
also to co-existing ion in aqueous solution. Recently, Maliutin et al. [2] adopted Pitzer-
Simonson-Clegg model to simulate the solubility of quaternary system UO2(NO3)2 +
Ca(NO3)2 + HNO3 + H2O at 263 K, 298 K, and 323 K, and corresponding model
parameters were presented. In our precious study [3], the Pitzer thermodynamic model
was used to simulate the solubility of ternary system UO2(NO3)2 + + HNO3 + H2O
with HNO3 concentration range of 0 – 8.5 mol·kg−1 at 298 K. For solid-liquid phase
equilibrium of ternary system UF4 + HF + H2O, there are very few reports in the liter-
atures [4, 5]. Meanwhile, there are relatively large differences in the only data available,
for instance, the solubility of UF4 in pure water is 0.005% from literature [4], but it is
0.028% in literature [5]. Indeed, it is difficult to evaluate their reliability.

Based on this, ternary systems UO2(NO3)2 + HNO3 + H2O and UF4 + HF + H2O
at 298 K were investigated in this work, experimental thermodynamic data of density
and solubility were measured for two systems at 298 K. These thermodynamic data
acquired by this work can provide theoretical basis for comprehensive utilization and
treatment of wastewater resources produced by uranium chemical industry.

2 Experimental Section

2.1 Reagents

Double-deionized water (κ ≤ 5.5 × 10–6 S·m−1) obtained from UPT water purifica-
tion system was used in the experiments. Nitric acid with mass fraction 65% – 68%
and hydrofluoric acid with mass fraction 40% were purchased from the Shandong Zibo
Haofeng Chemical Co., Ltd., which were used directly as received without further purifi-
cation. Uranyl nitrate hexahydrate and uranium tetrafluoride obtained by laboratory syn-
thesis were used in the experiments. The detailed information of all chemicals used in
this work is listed in Table 1.

Table 1. The source and purity of the chemicals used in this experiments

chemical name CAS No mass fraction purity source

nitric acid 7697-37-2 65%–68% Shandong Zibo Haofeng
Chemical Co., Ltd., China

hydrofluoric acid 7664-39-3 40% Shandong Zibo Haofeng
Chemical Co., Ltd., China

Uranyl nitrate hexahydrate 13520-83-7 > 99.5% Sinopharm laboratory
synthesis

uranium tetrafluoride 10049-14-6 > 90% laboratory synthesis
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2.2 Apparatus

An analytical balance (Sartorius, Germany) with a precision of 0.0001 g was used to
determine the weight of solution. The thermostat (GDJS-1009, China) with the tempera-
ture kept at 298± 0.2Kwas used for the phase equilibrium experiments. The densities of
the sample of the equilibrium liquid phase were determined by weighing bottle method
with an uncertainty of 5.0 × 10–4 g·cm−3.

2.3 Experimental Method

Isothermal dissolution method was used to determine the solubilities of systems
UO2(NO3)2 + HNO3 + H2O and UF4 + HF + H2O at 298 K. The specific exper-
imental steps are as follows: 1) a series of stock solutions of HNO3 with the mass
fraction of HNO3 0% – 65% in glass bottles (approximately 20 mL) were prepared, and
teflon bottles were used to prepare the stock solution of HF (approximately 20 mL) with
the mass fraction of HF 0% – 40% because of its’ strong corrosion. 2) Excess uranyl
nitrate hexahydrate and uranium tetrafluoride were added to the stock solutions acquired
by step 1), respectively. 3) the samples were placed in the thermostat at 298 ± 0.2 K
with a 120 rpm stirring speed to promote equilibration. 4) When the equilibrium point
of solution was reached (approximately 12 to 15 days), the samples were kept a static
condition at working temperature for an additional 24 h, and then the clear liquid of each
solution at equilibrium was collected by filtering to determine density, and composition.

2.4 Analysis Method

The mass fraction of UO2(NO3)2 and UF4 in equilibrium solution was acquired by
determining the concentration of UO2

2+ and U4+, which can be obtained by the methods
of dichromate titration and ammonium thiocyanate spectrophotometric with an uncer-
tainty of 0.5%, respectively. The mass fraction of HNO3 and HF in equilibrium solution
was acquired by determining the concentration of H+, which can be obtained by the
method of sodium hydroxide titrate with an uncertainty of 0.5%. Schreinemakers’ wet
residue method [6] and X-ray diffraction were used to determine the compositions of
equilibrium solid phase for two systems.

3 Results and Discussion

3.1 Synthesis of UO2(NO3)2·6H2O and UF4

Synthesis of UO2(NO3)2·6H2O. Take U3O8 and HNO3 with the concentration
6.0 mol·L−1 as raw material. First, adding 100 g U3O8 into 130 mL HNO3 solution
and keep stirring with a 120 rpm stirring speed to make U3O8 dissolve sufficiently at
333 K – 363 K, the stirring was stopped after the solution was clarified, uranyl nitrate
solution was obtained by filtration. Then, UO2(NO3)2 solution was evaporated until the
volume of the solution was reduced to half of the original, and the heating was stopped
and slowly cooled to room temperature to crystallize out UO2(NO3)2·6H2O crystals,
After filtration, UO2(NO3)2·6H2O crystal with purity meeting the requirements of this
experiment can be obtained.
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Synthesis of UF4. Taking the UO3 and NH4HF2 as rawmaterial, according to the mass
ratio of 1:1.5, UO3 and NH4HF2 were mixed evenly in a self-made fluorination reactor,
which was then placed in muffle furnace. Setting temperature of muffle furnace at 723 K
for 6 h, UF4 with purity meeting the experimental requirements can be obtained.

3.2 Phase Equilibrium for Ternary System UO2(NO3)2 +HNO3 +H2O at 298 K

The composition of saturation point measured by this work was compared with litera-
tures for binary system UO2(NO3)2 + H2O at 298 K as shown in Fig. 1, the solubility
of UO2(NO3)2 in pure water obtained by this work is 56.15%, and the solubility of
UO2(NO3)2 in pure water obtained by literatures [7, 8] are 56.15% and 55.85%, respec-
tively. The relative deviation below 0.005, which suggests that the experimental method
is reliable.

Fig. 1. Solubilities of UO2(NO3)2 in pure water at 298 K

The data of densities, compositions of equilibrium liquid phase and the compositions
of wet-solid phase for ternary system UO2(NO3)2 + HNO3 + H2O at 298 K were
presented in Table 2.

According to the experimental phase equilibrium data of system UO2(NO3)2 +
HNO3 + H2O at 298 K, the diagrams of solubility and density-compositions were plot-
ted, and presented in Fig. 2. As shown in Fig. 2(a), the equilibrium phase diagram was
composed of one univariant isothermals and one crystalline phase zone corresponding
UO2(NO3)2·6H2O for ternary systemUO2(NO3)2 +HNO3 +H2O at 298 K. In univari-
ant isothermals, the solubilities of UO2(NO3)2 present a trend that decreases first and
then increaseswith the increase ofmass percentage ofHNO3 in equilibrium liquid phase.
This phenomenonmay be due to 1) when themass fraction of HNO3 in equilibrium solu-
tion is low, the dissociation of HNO3 molecules is relatively complete, it exists as H+ and
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Table 2. Experimental phase equilibrium data for ternary system UO2(NO3)2(1) + HNO3(2) +
H2O(3) at 298 Ka

No Density
/g·cm−3

Composition of
equilibrated
solution/%

Composition of wet
solid phase/%

Equilibrated solid phase

w1 w2 w1 w2

1 1.7690 56.15 0.00 -b -b UNHc

2 1.7378 51.11 1.94 63.83 1.18 UNHc

3 1.7323 50.99 3.18 -b -b UNHc

4 1.7244 47.07 5.00 64.25 2.04 UNHc

5 1.6368 42.05 8.50 61.89 4.09 UNHc

6 1.6547 40.84 10.55 60.56 5.29 UNHc

7 1.6589 38.82 12.71 61.31 5.98 UNHc

8 1.6060 37.13 13.64 60.02 5.98 UNHc

9 1.6158 38.67 15.34 65.40 5.11 UNHc

10 1.5737 34.42 18.22 58.60 8.55 UNHc

11 1.5652 31.77 21.18 57.99 9.84 UNHc

12 1.5432 32.11 23.20 62.03 8.07 UNHc

13 1.6032 33.25 25.34 68.88 6.04 UNHc

14 1.6538 35.54 29.98 64.52 10.11 UNHc

Note: a Standard uncertainties u are u(T ) = 0.20 K; ur(ρ) = 5.0·10–4 g·cm−3; ur (1) = 0.0050;
ur (2) = 0.0050; b Not determined; c UNH represents UO2(NO3)2·6H2O

NO3
−, the common-ion effect of NO3

− cause the solubility of UO2(NO3)2 decreases. 2)
However, with the increase of mass fraction of HNO3 in solution, the common-ion effect
get more weaker because of the lower degree of dissociation of HNO3 molecules, thus
the solubility of UO2(NO3)2 increases slightly. Meanwhile, comparing the solubility of
UO2(NO3)2 in mixed solution HNO3-H2O with literatures [3, 9], it can be shown from
Fig. 2(a) that the experimental solubility measured by this work are in good agreement
with literatures.

As shown in Fig. 2(b), the change trend of densities of equilibrium liquid phase
has a same regulation that the densities of equilibrium solution decreases first and then
increases with the increase of mass fraction of HNO3 for ternary system UO2(NO3)2 +
HNO3 + H2O at 298 K.
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Fig. 2. Equilibrium phase diagram(a) and diagram of density-composition(b) for ternary system
UO2(NO3)2 + NO3 H2O at 298 K

3.3 Phase Equilibrium for Ternary System UF4(1) + HF(2) + H2O(3) at 298 K

The data of densities, compositions of equilibrium liquid phase for ternary system UF4
+ HF + H2O at 298 K were presented in Table 3.

The diagrams of solubility and density-compositions were plotted according to the
experimental phase equilibrium data of systemUF4 +HF+H2O at 298K and presented
in Fig. 3. As shown in Fig. 3(a), the solubility of UF4 in pure water is 0.31%, and it
decreases sharply with the increase of mass fraction of HF when the mass fraction of HF
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is between 0% - 10.5%. However, the solubility of UF4 presents a trend of slow increase
with the increase of mass fraction of HF when the mass fraction of HF beyond 10.5%.
Likewise, this change trend is same as that in ternary system UO2(NO3)2 + HNO3 +
H2O at 298 K, which is also due to the co-ionic effect caused by partial dissociation
of HF in aqueous solution. Meanwhile, the solubility of UF4 in water at 298 K was
compared with literatures [3, 4] in this work, it can be shown that there are tremendous
difference for the solubility of UF4 in water at 298 K, which is 0.005% measured by lit.
[3], 0.028% obtained by lit [4]. and 0.31% acquired by this work. And from Fig. 3(a),
the solubility of UF4 in HF + H2O at 298 K obtained by lit [3]. is slightly higher than
the experimental value measured by this wok. It may be due to the low purity of UF4
synthesized by this work, where a small amount of UO2F2 existing in UF4. However,
these thermodynamic data is still of great value for guiding the comprehensive utilization
of waste liquid resources from the process of UF4 production.

Table 3. Experimental phase equilibrium data for ternary system UF4(1) + HF(2) + H2O(3) at
298 Ka

No Density
/g·cm−3

Composition of
equilibrated
solution/%

Composition of wet
solid phase/%

Equilibrated solid phase

w1 w2 w1 w2

1 0.9986 0.3100 0.0000 -c -c UFHb

2 1.0012 0.2600 0.8087 -c -c UFHb

3 1.0089 0.0334 3.8185 -c -c UFHb

4 1.0270 0.0128 8.1103 -c -c UFHb

5 1.0408 0.0070 10.5036 -c -c UFHb

6 1.0520 0.0079 12.3714 -c -c UFHb

7 1.0640 0.0102 15.1684 -c -c UFHb

8 1.0807 0.0155 17.3424 -c -c UFHb

9 1.0920 0.0136 20.5006 -c -c UFHb

10 1.1020 0.0149 23.6198 -c -c UFHb

11 1.1184 0.0169 24.2049 -c -c UFHb

12 1.1331 0.0259 29.4052 -c -c UFHb

Note: a Standard uncertainties u are u(T ) = 0.20 K; ur(ρ) = 5.0·10–4 g·cm−3; ur (1) = 0.0050;
ur (2) = 0.0050; b UFH represents UF4·2.5H2O, determined by the method of X-ray diffraction;
c Not determined
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Fig. 3. Equilibrium phase diagram(a) and diagram of density-composition(b) for ternary system
UF4 + HF + H2O at 298 K

From Fig. 3(b), it is shown that the density of equilibrium solution increases with
the mass fraction of HF for ternary system UF4 + HF + H2O at 298 K, which suggests
that the density of equilibrium solution is dominated by HF.

For ternary system UF4 + HF + H2O at 298 K, the composition of wet-solid phase
was not given in this work because of its low solubility of UF4 in pure water. Thus,
the X-ray diffraction method was used to identify the equilibrium solid phase for this
system. As shown in Fig. 4, the X-ray diffraction of wet-solid phase of point 12 for
system UF4 + HF + H2O at 298 K can be consistent well with the characteristic peak
of the standard card of PDF#11–0623, which suggests that the equilibrium solid phase
is UF4·2.5H2O.



488 W. Lin et al.

Fig. 4. X-ray diffraction pattern of equilibrium solid phase of point 12 for ternary system UF4 +
HF + H2O at 298 K

4 Conclusions

In this paper, solid-liquid phase equilibria of ternary systems UO2(NO3)2 + HNO3
+ H2O and UF4 + HF + H2O at 298 K were investigated by isothermal dissolution
method, the compositions and densities of equilibria liquid phase were measured exper-
imentally. Phase diagrams and diagrams of density-composition were constructed for
systems UO2(NO3)2 +HNO3 +H2O and UF4 +HF+H2O at 298 K. There are unique
isothermal dissolution curve for two ternary systems, and corresponding crystallization
zone areUO2(NO3)2·6H2O andUF4·2.5H2O, respectively. In univariant isothermals, the
solubilities of UO2(NO3)2 or UF4 present a trend that decreases first and then increases
slightly with the increase ofmass percentage of HNO3 or HF in equilibrium liquid phase.
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Abstract. MOOSE (Multiphysics Object-Oriented Simulation Environment) is a
powerful finite elementmulti-physics coupling framework,whose object-oriented,
extensive system is conducive to the development of various simulation tools. In
this work, a full-core MOOSE-based Neutron Diffusion application is developed,
and a 3DPWRbenchmark 3D-IAEAwith given group constants is applied for code
verification. Then the MOOSE-based Neutron Diffusion application is applied to
the calculation of a Sodium-cooled Fast Reactor (SFR) benchmark, together with
the research on homogenized few-group constants generation based on Monte
Carlo method. The calculation adopts a 33-group cross section sets, which is
generated using Monte Carlo code OpenMC. Considering the long neutron free
path and strong global neutron spectrum coupling of liquid metal cooled reactor
(LMFR), a full-core homogeneous model is used in OpenMC to generate the
homogenized few-group constants. In addition, transport correction is used in
the process of cross section generation, considering the prominent anisotropic
scattering of fast reactor. The calculated results, including effective multiplication
factor (keff) and assembly power distributions, are in good agreement with the
reference values and the calculation results ofOpenMC,which proves the accuracy
of the neutron diffusion application, and also shows that the Monte Carlo method
can be applied to generation of homogenized few-group constants for LMFR
analysis.

Keywords: MOOSE · OpenMC · Neutron diffusion · Few-group constants
generation · LMFR

1 Introduction

Neutron diffusion equation is a great simplification of Boltzmann transport equation,
while it can obtain sufficient accuracy with less requirements for computer resources, so
neutron diffusion theory is still a main method to solve the neutron flux at full-core scale.
Nodal method is widely used in most neutron diffusion codes like DIF3D [1], DYN3D
[2], and SIMULATE-4 [3], while which is different from the numerical methods of com-
mon Thermal-Hydraulic code, so coupling between neutronics and thermal-hydraulics
is usually in manner of “code to code”, which often requires a lot of modifications
to the original codes, and such kind of coupling is usually “loosely”. An alternative
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coupling method, called multi-physics modeling approach, can solve variables of each
system simultaneously, which promotes the research on the solution of neutron diffusion
problem based on multi-physics platform. Neutronic modeling based on multi-physics
platform like COMSOL [4, 5], OpenFOAM [6, 7], NURESIM [8, 9] has been widely
researched. In this work, a full-core neutron diffusion application is developed based on
MOOSE, a powerful Finite Element Method (FEM) multi-physics coupling framework.
3D-IAEA Benchmark with given few-group constants is applied for code verification.

In addition, solutions of neutron diffusion equation in conventional deterministic
neutronic codes are generally based on fixed assembly shape and arrangement (such as
rectangular or hexagonal assemblies).While with the trend ofmodularization andminia-
turization of Generation IV nuclear reactors, the core structure is becoming more and
more complex. Therefore, deterministic neutronics needs a more convenient modeling
method. The MOOSE-based neutron diffusion application in this paper can achieve a
free manner of reactor core modeling.

Full-core diffusion calculation need few-group constants as input. Traditionally,
complicated procedure of self-shielding and lattice transport calculation was adopted
to generate few-group constants, while problem of accuracy exists because of simplifi-
cations made in this procedure. Recent years, generation of few-group constants using
Monte Carlo method has been widely researched, aim to improve accuracy. Monte Carlo
code like Serpent [10], McCARD [11], cosRMC [12] already has the ability to generate
homogenized few-group constants. In order to realize the practicability of the developed
MOOSE-based diffusion program, the problem of the giving of few-group constants
must be solved. Therefore, this work research on few-group constants generation using
MC code OpenMC. The homogenized few-group constants of a Sodium-cooled Fast
Reactor (SFR) benchmark is generated in this work, and the MOOSE-based diffusion
application is applied on this benchmark.

Rest of this paper is organized as follows. Section 2 gives a brief introduction of
codes and computational methods used in this paper. Section 3 & 4 presents the diffu-
sion calculation of 3D-IAEA (with given few-group constants) and ABR-MOX (with
few-group constants generated by OpenMC) respectively. Section 5 summarizes the
conclusions.

2 Code and Method Introduction

2.1 MOOSE Introduction

MOOSE [13] (Multiphysics Object-Oriented Simulation Environment) is an open-
source FEM computational framework developed by Idaho National Laboratory (INL),
aims at solution of coupled physics systems. JFNK algorithm and physics-based pre-
conditioning of MOOSE framework enable it to solve multi-physics systems in a “fully
coupled” manner. The layered coupling structure makes the development of MOOSE-
based application relatively easy, developers only need to pay attention to the definition
of the top-level physical field or “kernels”, rather than the solution of algebraic equations
and data transmission. Well-known nuclear fuel performance code BISON [14], general
purpose reactor physics code MAMMOTH [15] are all developed based on MOOSE.
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Solution of steady-state neutron diffusion equation is an eigenvalue problem, and
the equation is written as:

−∇ · Dg∇φg + �t,gφg =
G∑

g′=1

�g′→gφg′ + χg

keff

G∑

g′=1

(
ν�f

)
g′φg′

g = 1, 2, · · · ,G

(1)

Where �t,g is macroscopic total cross section, Dg is neutron diffusion coefficient,
φg is scalar neutron flux, χg is normalized fission spectrum, and keff is effective multi-
plication factor. The first step of using FEM to solve a partial difference equation (PDE)
is forming it into Weak form, the weak form of diffusion equation can be written as:

Fφg (U) =(∇B,Dg∇φg
) − 〈B,Dg∇φg · n〉 + (

B, �r,gφg
)

−
⎛

⎝B,

G∑

g′=1

�g′→gφg′

⎞

⎠ − 1

keff
(B, χg

G∑

g′=1

(
ν�f

)
g′φg′) (2)

Five terms at the right end of the equation are leakage term, boundary condition,
removal term, scattering source term and fission source term, the parentheses term rep-
resent the volume integral term, and the angle brackets term represent the surface integral
term (boundary condition) of the calculation domain. Because neutronics is export con-
trolled physics, MOOSE itself has no modules related to neutronic calculation. There-
fore, for theMOOSE-based diffusion application of this work, the kernels corresponding
to each term of Eq. (2) are developed. As mentioned before, steady-state neutron dif-
fusion equation is an eigenvalue problem, and the built-in Eigenvalue Executioner of
MOOSE can be used to solve such kind of problem.

2.2 MC-Based Few-Group Constants Generation

OpenMC [16] is aMonte Carlo neutron and photon transport simulation code, developed
byMassachusetts Institute of Technology (MIT). It is capable of performingfixed source,
k-eigenvalue, and subcritical multiplication calculations like usual MC code, and has
many unique features like its rich, extensible Python andC/C++programming interfaces,
depletion calculation ability and so on. Energy condensation and spatial homogenization
in a few-group constants generation process can be accomplished in OpenMC by its tally
system, which process is based on the principle of reaction rate conservation, as:

�x,g,k = ∫Eg−1
Eg

dE′ ∫
Vk

dr�x(r,E′)φ(r,E′)

∫Eg−1
Eg

dE′ ∫
Vk

drφ(r,E′)
(3)

Where �x,g,k is the homogenized few-group cross section of reaction x in energy group
g and region k, which can be used directly in neutron diffusion code. The generated
group constants for diffusion calculation include total cross section, scattering cross
section, diffusion coefficient and fission cross section (multiplied by normalized fission
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spectrum and average fission neutrons produced per fission). Considering the promi-
nent anisotropic scattering of fast reactor, transport correction is used in the process of
scattering cross section generation, as:

�s,g′→g =
〈
�s,0,g′→gφ

〉
−δgg′

∑
g′′

〈
�s,1,g′′→gφ

〉

〈φ〉 (4)

Where �s,g′→g is transport-correction cross section. In addition, (n, xn) reactions are
negligible for the hard neutron spectrum of fast reactor [17]. The effect of neutron
multiplication from (n, xn) reactions is incorporated into the transport-correction cross
section.

MostMC-based few-group constants generationmethods are somewhat similar to the
traditional 2-step method, i.e., cell or assembly level transport calculation with leakage-
corrected model is applied in few-group constants generation [18]. While in this work,
considering the long neutron free path and strong global neutron spectrum coupling
of LMFR, an approach of using a full-core homogeneous MC model to generate the
homogenized few-group constants is researched, which can directly model the neutronic
coupling between fuel assemblies and reflectors.

The overview Technique Route of the OpenMC-based few-group constants genera-
tion and full-core neutronic diffusion calculation byMOOSE-based diffusion application
is depicted in Fig. 1. In which process, an in-house tool to automatically write the input
file of MOOSE is developed, which can read the output of OpenMC and automatically
write the few-group constants into the format of MOOSE input file; And an in-house
post-processing tool, which can process the output ofMOOSE and output the normalized
assembly power factor.

Homogeneous full-
core CSG model

ACE-formatted 
continuous energy library

OpenMC criticality calculation

Few-group 
constants

In-house tool for automatically 
writing input files of MOOSE

MOOSE input file Model and mesh in 
ExodusII format

MOOSE-based diffusion calculation

Keff and flux distribution In-house post-processing tool

Normalized assembly 
power factor

Fig. 1. Overview of Technique Route
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3 Code Verification

3.1 Benchmark Modeling Description

A3DPWR full-core benchmark 3D-IAEA [19] is calculated by the diffusion application
for code verification. 3D-IAEA is a full-core steady-state two group neutron diffusion
problem, there are 177 fuel assemblies and 64 reflector assemblies, and there are 9 fully
inserted and 4 partially inserted control rods, the total height of the core is 380 cm.
The core structure is shown in Fig. 2. And the 2-group constants set is given as Table
1. Considering the symmetry structure of the core, a 1/4 geometry is constructed for
calculation, the geometry and unstructured mesh used in the calculation is shown in
Fig. 3. The number of elements and DOF is 4.94 million and 1.71 million respectively.
The high-performance computer used in the calculation procedure has dual Intel Core
i9-7900X ten-core CPU (3.30 GHz) and contains 64 GB of RAM. The total run time of
this problem was 93.3 min using 16 processors with MPI.

Fig. 2. Core structure of 3D-IAEA

Fig. 3. (a) Quarter-Core geometry and (b) slice of unstructured mesh of 3D-IAEA
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Table 1. 2-group constants of 3D-IAEA

Region Group Dg �a,g υ�f ,g �s,1→2

1 1 1.500 0.010 0.000 0.020

2 0.400 0.080 0.135 –

2 1 1.500 0.010 0.000 0.020

2 0.400 0.130 0.135 –

3 1 1.500 0.010 0.000 0.020

2 0.400 0.085 0.135 –

4 1 2.000 0.000 0.000 0.040

2 0.300 0.010 0.000 –

5 1 2.000 0.000 0.000 0.040

2 0.300 0.010 0.000 –

3.2 Computation and Results

The calculation results of the MOOSE-based diffusion application are listed below.
Table 2 shows the comparison of effectivemultiplication factor (keff) between calculation
and reference. The calculated keff is 1.02900, and the relative error with the reference
value of 1.02903 is only 3 pcm. The calculated peak-to-average power density is 2.429,
which is 3.2%different from the reference value of 2.354. Figure 4 shows the comparison
between the calculated normalized assembly power factor distribution and the reference
value. The maximum relative error is 1.91%, and the average relative error is 0.52%,
which is in good agreement with the reference value, which proves the accuracy of the
diffusion application. The distributions of fast and thermal neutron flux are depicted in
Fig. 5.

Table 2. Comparison of calculated results and reference

Calculated Reference Error

keff 1.02900 1.02903 3 pcm

Peak-to-average Power Density 2.429 2.354 3.2%

It could be concluded from above calculation that the MOOSE-based neutron diffu-
sion application is valid and accurate, the solution of neutron diffusion problem based
on unstructured mesh is realized, which can handle complex geometry. The benchmark
verified in this section is a given few-group constants problem, while as mentioned
before, most practical problems can not directly obtain few-group constants. Therefore,
the content of the next section is to research the generation of few-group constants based
on MC, to solve the input-given problem of the developed diffusion application.
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Fig. 4. Comparison of calculated assembly power distributions with reference of 3D-IAEA

Fig. 5. (a) (c) Fast flux and (b) (d) Thermal flux distribution of 3D-IAEA problem

4 LMFR Application

4.1 Homogenized Few-Group Constants Generation

The developed MOOSE-based neutron diffusion application is used to calculate the
benchmark problem of a sodium cooled fast reactor [20]. The benchmark set gives two
large size core designs and two medium size core designs with different fuel types. In
this work, the design of 1000 MWth medium size core loaded with MOX fuel is selected
for verification, and the layout is shown in Fig. 6.
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Fig. 6. Radial layout of ABR-MOX-1000

According to the core layout andmaterial density given by the benchmark problem, a
full core assembly-wise homogenizationmodel is constructed usingOpenMCtogenerate
the group constants, as shown in Fig. 7. A widely-used equal-lethargy 33-group cross
sections structure [21] is used for fast reactor analysis, as presented in Table 3. A total
number of 1 billion particles (500000 particles per batch, with 100 inactive batches and
1900 active batches) was used in the criticality MC problem to reduce the variance of
the output.

Fig. 7. (a) Aixal and (b) Radial view of OpenMC calculation model

A 1/6 full-core model with unstructured mesh is constructed for deterministic diffu-
sion calculation, as shown in Fig. 8. The number of elements and DOF is 1.49 million
and 8.5 million respectively. The fuel assemblies, reflector assemblies, coolant and other
structural components are distinguished as different blocks, and the 33-group few-group
constants of each block are generated by OpenMC. The ACE formatted continuous
energy cross section library used inOpenMCcalculation is generated by ENDF/B-VIII.0
evaluated nuclear data library.
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Table 3. 33-group structure for fast reactor analysis.

Group Upper bound (eV) Group Upper bound (eV)

1 1.42E+07 18 3.36E+03

2 1.00E+07 19 2.04E+03

3 6.07E+06 20 1.23E+03

4 3.68E+06 21 7.49E+02

5 2.23E+06 22 4.54E+02

6 1.35E+06 23 2.75E+02

7 8.21E+05 24 1.67E+02

8 4.98E+05 25 1.01E+02

9 3.02E+05 26 6.14E+01

10 1.83E+05 27 3.73E+01

11 1.11E+05 28 2.26E+01

12 6.74E+04 29 1.37E+01

13 4.09E+04 30 8.32E+00

14 2.48E+04 31 3.93E+00

15 1.50E+04 32 5.32E−01

16 9.12E+03 33 4.18E−01

17 5.53E+03

4.2 Computation and Results

The calculation results of the diffusion application are compared with those calcu-
lated directly by OpenMC. The effective multiplication factor calculated by MOOSE is
1.01951, which is only 12 pcm different from the OpenMC calculated value of 1.01963.
The comparison of assembly power factors is shown in Fig. 9. The maximum relative
error is 1.98%, and the average relative error is 0.56%. Figure 10 shows the results
of neutron spectrum calculated by MOOSE-based diffusion application and OpenMC
respectively, and they are almost identical. It can be seen that the peak of neutron spec-
trum appears in the tenth group, i.e. neutron energy between 111 keV and 183 keV,
which indicating the hard neutron spectrum of LMFR (Table 4).

The calculated neutron flux distribution is shown in Fig. 11. It can be seen that
fast neutrons are generated in the fuel assemblies with higher energy. Since the fission
and absorption cross sections are relatively low at higher energy, the neutron flux of
the fuel assembly is relatively high at this energy, as shown in Fig. 11(a); And also
because the fission and absorption cross sections are relatively low at higher energy,
neutrons gradually diffuse and slow down, and the neutron flux distribution in the core is
almost uniform at the order of hundreds keV, as shown in Fig. 11(b). As the moderation
continues, the resonance absorption effect of the fuel assemblies appears, the fission
cross section increases, the neutron flux inside the assembly decreases, and the coolant
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Fig. 8. (a) Geometry and (b) Axial & (c) Radial view of unstructured mesh of ABR-MOX-1000

Table 4. Comparison of calculated results between MOOSE-based diffusion application and
OpenMC

MOOSE OpenMC Error

keff 1.01951 1.01963 12 pcm

Fig. 9. Comparison of calculated assembly power distributions with reference of ABR-MOX-
1000
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Fig. 10. Comparison of calculated neutron spectrum of ABR-MOX-1000

neutron flux is higher than that inside the fuel assembly, as shown in Fig. 11(c). However,
it can also be seen that the neutron moderation of fast reactors is relatively weak, and
the overall neutron flux is very low at the order of several keV. This is also the reason
why fast reactor needs higher fissile enrichment than light water reactor to maintain
criticality.

Fig. 11. Relative distribution of neutron flux of (a) group-1 (b) group-10 (c) group-20 (d) group-30

The calculation results above show that the approach of MC-based few-group con-
stants generating by full-core modeling is feasible for LMFR analysis, the accuracy of
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the neutron MOOSE-based diffusion application is also further verified. It can be seen
that the neutron diffusion theory could achieve the acceptable accuracy compared with
MC method in the calculation of homogenized full-core scale, while some calculations
can be carried out better through deterministic codes than MC method, such as neutron
diffusion kinetics analysis, sensitivity and uncertainty analysis, etc., which is the signif-
icance of developing deterministic diffusion code. At the same time should also see, in
the more detailed pin-by-pin neutronic calculations, some assumptions of the diffusion
theory itself do not hold, and more accurate neutron transport codes are required, which
is also our next research direction.

5 Conclusion

In this paper, a neutron diffusion application is developed based on the multi-physics
frameworkMOOSE, which realizes the FEM solution of neutron diffusion problems and
a free manner of core modeling. A LWR benchmark 3D-IAEA with given few-group
constants is calculated using the diffusion application, the calculation result shows the
accuracy of it. In addition, the research on the few-group constants generation based on
MC codeOpenMC is carried out, using a full-core homogeneousmodel, and is applied to
a LMFR full-core benchmark diffusion calculation, the result shows the feasibility of this
approach, which solves the problem of the few-group constants given of the developed
application. The above verification shows that the developed diffusion application is
universal and accurate, which can be further applied to the coupling between neutronic
and thermal-hydraulic calculation in our future work.

It can be seen from this work that the neutron diffusion theory has good accuracy
in the full-core scale calculation with homogenized assemblies. While at the same time,
it should be noted that with the development of computing power, the requirements of
neutron calculations are more refined, and a more precise neutron flux distribution with
the resolution of pin level is pursued. At this scale, the neutron diffusion theory itself has
the problem of accuracy, so a more accurate neutron transport theory is needed. And it is
generally deemed that diffusion approximation is inadequate for fast reactor calculations
due to the strong neutron leakage and heterogeneity. Therefore, the development of
a neutron transport program based on MOOSE and the corresponding multi-physics
coupling research is our further research directions.
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Abstract. Aiming at the volute area concrete structure design requirements for
PX combined pump room of HUALONG, the high performance concrete with
wonderful property resistance to harmful ion erosion was made by optimization
design. The strength grade of the concrete is CF50. Based on experimental result,
its slump was 195 mm, its compressive strength was 60.9 MPa with the chloride
ion permeability coefficient was 3.6 × 10−12 m2/s at twenty-eight days, and
the restrained expansion rate was 2.7 × 10–4 with the dry shrinkage rate was
1.3 × 10–4. All the technical indexes conform to the design and construction
requirements. Verified by engineering application, concrete compressive strength
during continuous production period was according to the evaluation criteria of
GB/T 50107-2010. And the standard deviations were only 1.64 MPa. It indicates
that the concrete quality is stable and controlled.

Keywords: high-performance concrete · PX combined pump room ·
HUALONG nuclear power plant

1 Introduction

PX combined pump room in HUALONG nuclear power plant is a special concrete
structure with extremely complex shape. The concrete construction at the bottom and
inner wall of the structure is extremely difficult, and the designed service life of the
project is 50 years. It is a permanent concrete structure that is not repairable during the
operation life of the nuclear power plant, which is directly related to nuclear safety [1–3].

In addition, because of the volute pump in water environment, the lining concrete
structure to withstand erosion and corrosion of sea water for a long time, the presence
of cracks or other defects in concrete structure will lead to corrosion of the internal
reinforcement, significantly reduce the overall durability of the concrete structure, in
turn, affects the safe operation of nuclear power unit [4–6].

Therefore, it is required that the construction concrete has excellent working perfor-
mance, crack resistance, chloride ion penetration resistance and steel corrosion resis-
tance, in order to ensure the high durability of the concrete structure in the seawater
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corrosion environment. According to the above reasons, the high-performance concrete
with wonderful property resistance to harmful ion erosion was made by optimization
design. The workability, mechanical property, long-term behavior and durability were
test. Furthermore, the technical feasibility of the concrete was evaluated.

2 Experiment Design and Method

2.1 Raw Materials Selection

Fly ash: Grade I class fly ash, fineness shall not be more than 12% (45 µm hole sieve
residue), firing loss shall not be more than 5%, water requirement ratio shall not be more
than 95%, sulfur trioxide content shall not be more than 3%.

Silicon powder: The dosage is 5%–10% of the cementing material, the specific
surface area is more than 15000 m2/kg, and the silica content is more than 85%. The
dosage should be determined by test according to the degree of grinding and application
requirements.

Cement: Ordinary Portland cement with strength grade of cement is 42.5 mpa. Do
not mix different varieties or strength grades of cement. It is required to use cement with
low hydration heat. The 3d hydration heat shall be no more than 251 kJ/Kg, and the
7d hydration heat shall be no more than 293 kJ/Kg. Cement fineness (specific surface
area) should not exceed 350 m2/kg. And cement with relatively high dicalcium silicate
content should be used.

Coarse aggregate: Themaximumparticle size of concrete stones should not be greater
than 25 mm, the water absorption rate should not be greater than 1.5%. The alkali active
aggregate shall not be used. The other requirements should comply with the provisions
of JGJ 52-2006.

Fine aggregate: The medium sand should be used for concrete sand, and marine sand
should not be used. Its requirements should meet the provisions of JGJ 52-2006.

Polypropylene fibers: The fiber must own the function of increasing anti-crack, anti-
seepage and wear resistance. Its size is 6D. Density is 0.91 g/cm3 with length of 19 mm.
Its elastic modulus is no less than 3900 MPa, tensile strength is no less than 550 MPa,
and tensile limit is no less than 15%. In addition, its anti-crack efficiency should be grade
one.

2.2 Design of Mix Proportion

In order to approve the workability, mechanical property, long-term behavior and
durability, the following technical measures have been taken:

The co-mixing of low-alkali cement with silica fume, fly ash and expansion agent
gives full play to the superposition effect of cementing materials. At the same time, the
polypropylene fiber and composite amino alcohol reinforcement rust inhibitor are added
to jointly realize the protection of reinforcement in concrete structures [7].

The co-mixing of silica fume, fly ash and anti-crack and water-proof agent can
reduce the auto shrinkage of concrete to a certain extent, give full play to the advantages
of the electric flux of concrete doped with silica fume significantly reduced and the early
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strength increased quickly, and better inhibit the early shrinkage crack of concrete after
the addition of silica fume.

Silica fume, polypropylene fiber and polycarboxylates high performance water-
reducing admixture used in combination, can give full play to reduce and restrain plastic
stage sedimentation and shrinkage crack, and reduce the affection of the internal cap-
illary porosity of concrete structure. The water reducing effect is used to maintain the
good fluidity of concrete mixture, which is conducive to construction [8].

Based on above design conception, the main design parameters of the concrete
mix proportion are determined: the water-binder ration is 0.36, the binder content is
478 kg/m3, the reasonable sand ratio is 37.5%andwater content is 172 kg/m3. Polypropy-
lene fibers content is 0.9 kg/m3. The binder consists of cement, 19.9%fly ash, 6.3% silica
fume and 8.4% expansion agent. The rebar inhibitor admixture is 12 kg/m3.

2.3 Test Method

The slump of fresh concrete was tested according toGB/T 50080-2016. The compressive
strength (3d, 7d, 28d and 60d) of concrete was tested in accordance with GB/T 50081-
2019. Chloride permeability coefficient and shrinkage rate were test according to GB/T
50082-2009.

3 Results and Discussion

3.1 Workability

Based on the experimental results, Fig. 1 gives the line chart of the slump.
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Fig. 1. Slump of the concrete

From Fig. 1, the following observations can be made:

i) The high-performance concrete for volute region of PX combined pump room has
wonderful workability. The slump was both no less than 190 mm, and it can well
meet the technical requirements for construction.
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ii) Large flowing ability of the concrete can significantly improve the efficiency of
construction and reduce the probability of concrete quality defects.

iii) Adding rebar rust inhibitor in the concrete can effectively improves the steel
corrosion-resistance. And compared with concrete without rebar rust inhibitor, it
also owns fine workability.

3.2 Compressive Strength

Based on the experimental results, Fig. 2 gives the line chart of the compressive strength
(3d, 7d, 28d and 60d).
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Fig. 2. Compressive strength of the concrete

From Fig. 2, the following observations can be made:

i) With increasing of the test age, the compressive strength shows growth trend. The 7d
compressive strength can reach 74.5% of the design strength. But the 28d compres-
sive strength below the design strength. Large percentage of the mineral admix-
ture results in the compressive strength of early-age increases slowly [9]. It is
recommended to check and accept according to 60d strength.

ii) The compressive strength with 60d test age were both above 50 MPa, and the
maximum strength can reach 124% of the design.
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iii) Compared with concrete without rebar rust inhibitor, adding rebar rust inhibitor
don’t affect the compressive strength. And the 60d compressive strength is basi-
cally the same. Meanwhile, rebar rust inhibitor can significantly improve the rust
resistance of rebar in concrete matrix.

3.3 Chloride Permeability Coefficient and Shrinkage Rate

Based on the experimental results, Fig. 3 gives the line chart of the chloride permeability
coefficient. Figure 4 gives the line chart of the shrinkage rate.
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Fig. 3. Chloride permeability coefficient of the concrete

From Fig. 3 and Fig. 4, the following observations can be made:

i) The high-performance concrete for volute region of PX combined pump room
has wonderful resistance to chloride penetration. The 28d chloride permeability
coefficient is both below 4.5 × 10−12 m2/s. It can well meet the requirements
of design which is no more than 5 × 10−12 m2/s. It is because that the mineral
admixture can effectively improve the capillary structure of concrete and increase
the compactness [10].

ii) The concrete without rebar rust inhibitor has more lower chloride permeability
coefficient, and the minimum is only 3.6 × 10−12 m2/s. According to the GB/T
50476-2019, the high-performance concrete for volute region of PX combined
pump room can meet the requirement of 100 years design working life.

iii) The shrinkage rate (14d in water) of the concrete is both more than 0.02%, and the
shrinkage rate (14d in water and 28d in air) of the concrete is both less than 0.02%.
They are both meet the requirement of design that shrinkage rate (14d in water)
is more than 0.015% and shrinkage rate (14d in water and 28d in air) is less than
0.03%.

3.4 Evaluation of Concrete Compressive Strength Design Organization

Based on the engineering application of concrete, Fig. 5 gives the compressive strength
of hardened concrete. And Fig. 6 gives the normal distribution curve of compressive
strength.
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Fig. 5. Compressive strength of hardened concrete

From Fig. 5 and Fig. 6, the following observations can be made:

i) The mean compressive strength of concrete is 58.24 MPa which is 116.8% of the
designed strength. The standard deviation of strength is 1.63 that shows the strength
fluctuation is relatively stable. Base on the results, mfcu > f cu,k + λ1 × Sfcu = 50
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Fig. 6. Normal distribution curve of compressive strength

+ 0.95 × 1.63 = 51.54 MPa, in line with the “concrete strength Inspection and
Evaluation Standard” (GBT 50107-2010) related control requirements.

ii) The number of samples located in [mfcu − Sfcu, mfcu + Sfcu] was 40, accounting for
65.6% of the total sample, and the number of samples located in [mfcu − 2Sfcu,mfcu
+ 2Sfcu] was 61, accounting for 100% of the total sample. The results show that the
concrete mix design method for PX pump house volute area conforms to the design
requirements of “Ordinary Concrete Mix Design Regulations” (JGJ55-2011), and
the measured compressive strength is well in accordance with normal distribution.

4 Conclusions

i) The high-performance concrete for volute region of PX combined pump room has
wonderful workability. The slump was both no less than 190 mm, and it can well
meet the technical requirements for construction.

ii) The compressive strength with 60d test age were both above 50MPa, and the maxi-
mum strength can reach 124% of the design. It conforms to the design requirements
of the design organization.

iii) The high-performance concrete for volute region of PX combined pump room has
wonderful resistance to chloride penetration. And the minimum chloride perme-
ability coefficient is only 3.6×10−12 m2/s that indicates meeting the requirement
of 100 years design working life.

iv) The shrinkage rate (14d in water) of the concrete is both more than 0.02%, and the
shrinkage rate (14d in water and 28d in air) of the concrete is both less than 0.02%.
It shows the concrete owns wonderfully volume stability.
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Abstract. The Chinese Fusion Engineering Test Reactor (CFETR) is a fusion
engineering reactor independently designed and developed by China, and the
design of the blanket is one of the key points during the design of CFETR. The
configurations of CFETR, the detailed designs of the three types of blankets and
typical blanket module, and the coolant flowing schemes in blanket module are
introduced in paper. Besides, the work about Thermo-physical Property Database
of Fusion Material and Thermo-hydraulic Database of Models established for the
three types of blankets is presented. The fusion material involves Plasma Facing
Materials (PFM), structuralmaterials, coolant and breedingmaterials, and the peak
temperature and the peak pressure in both steady-state and transient conditions
are covered for property of materials. The thermo-hydraulic database includes the
heat transfer models, the pressure drop models, and some special models for the
fluid flow in blanket. In addition, the tests and verification for the database are
performed, and the shortages and deficiencies of current database are analyzed.

Keywords: Fusion Reactor · CFETR Database · Blanket · Property · Material ·
Thermo-hydraulic

1 Introduction

Nuclear fusion energy is a kind of ideal new energy, and the reaction product is pollution-
free and easy to emit, which is conducive to promoting a zero-carbon future. In 1985, the
International Thermonuclear Experimental Reactor (ITER) project was established with
the goal of building a thermonuclear fusion test reactor for self-sustaining combustion.
The China Fusion Engineering Test Reactor (CFETR) is an independently designed
fusion reactor in China and is a transition reactor from the ITER experimental reactor
to the Demonstration Fusion Reactor (DEMO), designed to bridge the technology gap
between the experimental reactor and the demonstration reactor. The devices in CFETR
mainly consist of an external superconducting magnet system (containing toroidal field
(TF) coils, central solenoid (CS) coils, and CS model coils), an internal vacuum vessel,
and blankets in the vacuum vessel. The fusion reactor blanket is the focus of the CFETR
design difficulties, which is divided into shielding blanket and breeder blanket. The
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shielding blanket is used to prevent neutron leakage, and the breeder blanket plays the
roles of tritium breeding, neutronmultiplier, and heat conversion. The study in this paper
focuses on the breeder blankets.

Many feasible blanket concepts have been proposed in ITER projects, such as HCPB
[1] and HCLL [2] in European Union (EU), SWCB [3] and WCCB [4] in Japan, HCSB
[5] and HCCR [6] in Korea, HCCB [7] and DFLL [8] in China, etc., while for the
CFETR project, three types of blankets are proposed, as: Helium Cooled Solid Breeder
blanket (HCSB) [9], Water Cooled Ceramic Breeder blanket (WCCB) [10], and liquid
lead-lithium blanket [11], and the design of these three types of blankets is currently
being refined.

The development of fusion design requires a large number of material databases
with mechanical, physical, and thermodynamic properties, and many countries have
long established relativelywell-developedmaterial databases. For example, the Japanese
Atomic EnergyAgency (JAEA) has established theHFIR/ORR irradiated/non-irradiated
experimental database [12], the Data-Free-Way database [13], the European Fusion
Material properties database [14], the Fusion component failure rate database (FCFR-
DB) [15], the EUROfusion RAFM steel database for EUROFER97 steel developed by
the European Fusion Center [16], an international fusion materials database established
by the International Energy Agency (IEA) [17], a database for nuclear materials man-
agement software (FUMDS) established by the FDS team at the Institute of Plasma
Physics, Chinese Academy of Sciences (ASIPP) [18], the Nuclear Reactor Material
Database (NRMD) [19] by the Chinese Academy of Sciences, and a database for fusion
reactor tritiumbreedermaterial properties established by the Institute of Physics, Chinese
Academy of Sciences.

The fusion reactor blanket is the carrier of the energy conversion function. In order for
the coolant to heat the nucleus inside the blanket and transfer the heat to the outside of the
blanket, it is necessary to perform flow heat exchange with various materials. The most
basic of them is the thermal-hydraulic heat transfer model of coolant and structure, the
distribution of neutron nuclear heat, etc. The special model involving thermal-hydraulic
phenomena is also important to judge whether the blanket can operate safely during the
transient conditions. Therefore, a thermo-hydraulic database was established to provide
data and model support for the thermal hydraulic analysis of the CFETR blanket.

Compared with the previous databases for fusion, the thermo-physical property
database and the thermo-hydraulic database for CFETRwith both thermo-physical prop-
erty of fusion materials and thermo-hydraulic models are not yet established. Besides,
the above databases are not publicly available and the involved datasets are not targeted,
so their data applicability does not cover the steady-state and transient conditions in the
three types of blankets.

In this work, the thermo-physical property database of fusion material and the
thermo-hydraulic database of blankets for CFETR were established as part of the
development of the nuclear design and safety analysis code for the blanket system.

2 Introduction of Blankets

Several research teams in China have carried out corresponding blanket design and
analysis work for CFETR based on ITER projects, and there are three main types of
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blanket concept schemes: helium-cooled solid breeder blanket, water-cooled ceramic
breeder blanket, and liquid lithium-lead blanket. For CFETR phase I, University of
Science and Technology of China (USTC) proposed the HCSB blanket [9], ASIPP
proposed theHCCBblanket [20] andWCCBblanket [21, 22], andSouthwestern Institute
of Physics (SWIP) proposed the HCSB blanket. For the CFETR Phase II, which has
much greater power and size than Phase I, SWIP updates the HCCB blanket and ASIPP
proposes a new design for WCCB blanket [23]. In this subsection, the structure and
coolant flow scheme will be introduced for the HCSB blanket from USTC, the WCCB
blanket from ASIPP, and the DFLL blanket proposed by the Institute of Nuclear Energy
Safety Technology (INEST-CAS) [24].

2.1 Helium Cooled Solid Breeder Blanket (HCSB)

The structural design of the HCSB blanket proposed by the University of Science and
Technology of China is presented. The blanket, as a whole, is divided into 32 equal
sectors along the annulus. The angle of each equal division is 11.25°. Each part has 15
groups of blanket modules along the toroidal direction, of which 7 modules from No.
1 to No. 7 are inner blanket modules and 8 modules from No. 8 to No. 15 are outer
blanket modules. The radial-polar cross section of the inner blanket is rectangular, while
the circumferential-radial cross section is trapezoidal. Due to the different locations, the
neutronwall loads of differentmoduleswithin the blanket vary greatly, and themaximum
thermal load is calculated to appear on the inner side of the first wall of module No. 12,
which is about 0.473 MW/m2. The structural schematic of this blanket module could
refer to reference [9].

Fig. 1. Schematic of the typical blanket module[9] of HCSB

This typical blanket module is rectangular in shape with the following main compo-
nents along the radial direction from inside to outside: tungsten tile, first wall, stiffening
plate, breeder unit backplate, breeder canister, partition plate, top and bottom caps,
backplates, helium inlet and outlet, purge gas inlet and outlet, and four mechanical
attachments. A 2 mm thick tungsten plate covers the first wall and protects the inner
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components from plasma heat flow. The outer backplate has four mechanical attach-
ments to secure the module to the shield blanket and also has an inlet and an outlet for
helium gas, an inlet and an outlet for purge gas. The outer backplate and the remain-
ing five backplates, as well as the top and bottom caps and the first wall, enclose the
three chambers for the distribution of helium and purge gas (He + 0.1% H2, 0.1 MPa)
for tritium. The gas chambers are connected to the breeder zone, which has U-shaped
breeder units packed with breeder pebbles of Li4SiO4 for tritium breeder and pebbles
of Be for neutron multiplier. The pump pumps the cold helium into the inlet and then
into the gas channels in FW. Afterwards, the helium absorbs part of the nuclear heat and
enters the pipes in caps as well as the stiffening plates. After absorbing the internal heat
of all the plates, it flows into the channels in the backplates, and finally all the helium
is gathered and flows out through the outlet, which can take away most of the heat from
the structural material.

2.2 Water Cooled Ceramic Breeder Blanket (WCCB)

ASIPP, in collaboration with European Nuclear Energy Agency (ENEA), has proposed a
design for a water-cooled ceramic breeder blanket based on the latest design parameters
ofCFETRPhase II. Similar to the helium-cooled solid blanket, theWCCBcan be divided
into 16 toroidal sectors.

In each sector, modules from 1# to 6# are the outer blanket area, and modules from
7# to 11# are the inner blanket area. The inner blanket area has 2 identical sub-blankets
along the toroidal, and the outer blanket area has 3 identical sub- blankets.

This section describes the structural design of blanket module 3# in WCCB for
CFETR-2018 [23]. The outer shell of the blanket is a closed steel box with FW, top and
bottom cover plates, and back plates. The first wall is fitted with tungsten tiles on the
outside, and the interior is a U-shaped plate bent along the radial-annular direction. 95
square coolant channels are contained inside this plate, eachwith a cross-sectional area of
8 × 8 mm2 and a pitch of 22 mm between two adjacent channels. Each module contains
three stiffening plates (SPs), which separate a blanket module into four sub-modules.
Each SP contains 81 U-shaped channels inside, each with a cross-sectional area of 5 ×
5 mm2. The cover plate contains 12 U-shaped channels with a square cross-section for
removing heat from the module, and the upper and lower cover plates have a total of
16 purge gas channels for gas collection and gas distribution. Each module also has 23
cooling tube assemblies (CTAs) in the breeder zone for heat dissipation. Each assembly
contains three coolant channels, toroidal and radial ribs, where the coolant flows and
exits at the outlet. The ribs connect the cooling tubes to each other and fix the SPs to the
sidewalls, which improves the structural stability and heat transfer performance of the
module. The cooling system of the blanket could refer to reference [23]. It can be seen
that three independent cooling systems are used in this blanket design scheme: cooling
system 1 is mainly responsible for taking away the heat from the structural components
such as the FW, CPs, and SPs, while cooling systems 2 and 3 mainly take away the heat
from the pebble bed area of the blanket.
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2.3 Dual-Functional Lithium-Lead (DFLL)

The dual-functional lithium-lead blanket (DFLL) is designed by the Institute of Nuclear
Energy Safety Technology, Chinese Academy of Sciences, with helium and liquid Li-
Pb as the coolant and liquid Li-Pb eutectic as the tritium breeder material. The whole
blanket is divided into 16 sectors along the toroidal, the inner blanket module is divided
into two sub-modules along the toroidal, and the outer blanket module can be divided
into three sub-modules. A 2 mm thick tungsten protective layer is set on the surface of
the blanket, followed by the first wall (FW), tritium breeder zone (TBZ), helium header
(HH), back plate (BP), and shielding blanket (SB).

The structure design of the liquid lithium-lead blanket was shown in reference [24].
It is shaped like a rectangular box, consisting of the first wall (FW, U-shape, 15 mm
in thickness), the upper and lower cover plates, and the back plate, with dimensions
of 1280 mm (poloidal direction) × 1200 mm (radial direction) × 1300 mm (toroidal
direction). Considering the structural stability and internal heat extraction, the toroidal-
radial, radial-poloidal, toroidal-poloidal stiffening plates are welded together to form
a U-shape and two sets of “7” shaped tritium breeder zones. Square-shaped helium
coolant channels (cross-sectional area of 15 × 15 mm2, 20 mm in pitch) are uniformly
arranged inside the CPs, the FW and the SPs, and several guide tubes (GTs) with 35 mm
in diameter, 5 mm in thickness, 750 mm in length are arranged radially in the U-shaped
breeder zones through the FWs and BPs. On the fourth backplate, there are several
mechanical attachments, helium inlet and outlet pipes, and liquid Li-Pb inlet and outlet
pipes, etc. The backplate is connected to the shielding blanket, which is connected by
mechanical attachments, and the thickness of the shielding blanket is 250 mm.

The liquid Li-Pb enters the module at the inlet and is distributed among three sub-
channels before flowing into the TBZs. Li-Pb enters the module, flows along the U-
shaped channel, and then exits at outlet. At the same time, Li-Pb enters the “7” shaped
TBZs from two sub-channels. In reference [24], the Li-Pb enters the module and flows
upwards in two parts at the bottom, then converges at the same exit and exits the module
at the outlet. The helium enters the first helium stage directly from the inlet tube, flows
simultaneously into the FW and GTs, and exits through the FW helium outlet into
the second helium stage. Afterwards, the helium flows simultaneously into the coolant
channels of the radial-poloidal stiffening plates, the toroidal-poloidal stiffening plates,
the toroidal-radial stiffening plates (rpSP, tpSP, trSP) and the cover plates. Finally, the
helium is collected in the third stage helium manifold and flows out of the module
through the outlet.

3 Databases

3.1 Thermo-Physical Property Database of Blanket Material

The thermo-physical properties for coolant and material are important elements of the
fusion reactor database, and the various materials in the normal operating conditions of
the blanket and in accident conditions need to be in a safe state, so before analyzing
the safety of the blankets it is necessary to establish a material database that meets
the temperature and pressure range in fusion reactor. In this section, we introduce the
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thermo-physical property database of materials under normal and transient conditions
for CFETR blanket, mainly introducing the thermal properties of coolant materials,
structural materials, breeder materials and PFM materials, as shown in the following
Table 1.

Table 1. The materials in thermo-physical property database

Functional materials Chemical formulas or name of materials

Coolant materials H2O, He, Li, LiPb, Flibe, HTO, T2

Structural materials RAFM steel (EUROFER97,F82H, JLF-1, CLF-1, CLAM), oxygen-free
copper, CuCrZr alloy, 316L stainless steel, ODS steel

Breeder materials Tritium breeder: Li4SiO4, Li2TiO3, LiPb, Flibe
Neutron multiplier: Be, Be12Ti

PFM material W

The coolant materials mainly involve H2O, He, and Li-Pb, and in some liquid metal
blankets, Li and Flibe are used as coolant or breeder materials. Under special conditions,
the first wall ruptures and causes the coolant water to be sprayed into the vacuum vessel,
where the coolant reacts with hydrogen to become deuterated water (HTO) or tritium
gas (T2), so it is also necessary to consider the thermal properties of HTO and T2. The
thermal properties of coolant materials in the database involve density, specific heat
capacity, thermal conductivity, kinematic viscosity, Prandtl number, specific enthalpy,
latent heat of vaporization, specific entropy, surface tension, isothermal compressibility,
etc.

The International Association for the Properties of Water and Steam (IAPWS) intro-
duced the formula for the thermal properties of water and steam in 1997 [25], referred
to as the IAWPS-IF97 formula. This formula can be calculated to obtain the thermal
properties of water and steam in the range of pressure from 611.153 Pa to 100 MPa and
temperature from 273.15 K to 1073.5 K. However, considering that the pressure in the
vacuum vessel is close to 0 Pa, the thermal properties of water less than 611.153 Pa
will be supplemented by referring to Gothic’s theoretical manual [26], from which the
thermal property data from 0 to 611.153 Pa can be obtained. Helium is a single phase
within the blanket and does not undergo phase changes, and its physical properties are
obtained from the National Institute of Standards and Technology (NIST), the Interna-
tional Atomic Energy Agency (IAEA) [27] and other journal supplemental data [28–32].
The current pressure range of helium is from 0 to 15 MPa and the temperature range
is from 273.15 to 1273.15 K. The pressure in the liquid metal blanket is relatively low,
with the thermal properties of Li-Pb ranging from 273.15K to 1473.15 K and 0 to 1MPa
[27, 33–35], and the thermal properties of Li ranging from 473.15 to 1673.15 K and
0.1 to 1 MPa [30, 36]. The melting point of Flibi is 732.15 K, so the current database
contains its properties at a temperature greater than 732.15 K [30, 37]. The properties of
water (H2O) and HTO are almost identical, and the thermal properties of water can be
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used directly in the calculations of HTO [38]. Tritium has properties similar to hydro-
gen except for density [39], and the hydrogen properties can be directly used in the
calculations.

The structural material is the basis to ensure the structural stability of the blanket
and efficient energy conversion. The structural material of FW in HCSB, WCCB, and
DFLL is chosen from Reduced Activation Ferritic/Martensitic steel (RAFM). RAFM
steel has higher thermal conductivity and smaller thermal expansion compared with
other types of steel, and is the preferred steel type for fusion reactor structural materials
in the prospect of better physical and mechanical properties. Among the RAFM steels
[40], EUROFER97 steel, F82H steel, JLF1 steel, 9Cr-2WVTa steel and CLAM steel are
currently well developed, among which CLAM steel and CLF-1 steel are researched and
manufactured in China, while the rest of the steel types come from Europe, Japan and
the United States. The current database contains the thermal properties of EUROFER97
[41], F82H [42], JLF-1 [42], CLF-1, and CLAM [43]. The oxygen-free copper wire
as reinforcement material mainly serves to strengthen the mechanical properties of the
sub-cable and increase the stability of the conductor. Due to their excellent thermal
conductivity, the copper alloys are used as heat sinks in the high heat flow region of
ITER. The CuCrZr-IG alloy has good thermal conductivity and is generally used as
a structural and heat conduction material for divertors. Oxide dispersion-strengthened
alloy (ODS) is a material formed on the basis of martensitic and ferritic steels that
can withstand high neutron fluxes and has high temperature creep resistance. While
conventional ferritic/martensitic steels can only reach a maximum working temperature
of 550–600 °C, ODS steels can increase the working temperature to 700 °C and are
therefore one of the candidates for fusion blanket structure materials. The vacuum vessel
design uses ultra-low carbon austenitic stainless steel 316L as the primary material. The
database mainly contains the thermal property data of the above materials.

The fusion blanket is equipped with a breeder zone containing tritium breeder mate-
rials and neutron multiplier materials, which serve to maintain the fusion reaction by
tritium breed and neutron multiplication [44–46]. The tritium breeder materials in the
solid blanket are mainly Li2TiO3, LiAlO2, Li4SiO2, LiZrO3, and the required neutron
multiplier is metallic lead or metallic beryllium, while the tritium breeder materials in
liquid blankets aremainly Li, Li-Pb, molten salt, etc., and the required neutronmultiplier
is Pb. Among the three types of blankets, the breeder zone ofHCSB is filledwith Li4SiO4
and Be pebble beds, the breeder zone inWCCB is filled with Li2TiO3 and Be12Ti pebble
beds, and the DFLL uses liquid Li-Pb eutectic as the breeder material only.

Tungsten is the material for the first wall protection layer facing the plasma in the
current fusion blanket. The tungsten could protect the internal components from plasma
heat flow and ensure the integrity of the blanket. The physical properties data can be
referred to Structural Design Criteria for ITER In-vessel Components (SDC-IC).

3.2 Thermo-Hydraulic Database for Blankets

This chapter introduces thermal hydraulic models and special models for three types of
blankets, which mainly deals with the models under steady state and transient accidents
involved in HCSB, WCCB, and DFLL. The heat transfer models for the single phase
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Table 2. The models in thermo-hydraulic database

Structure/working conditions Models

Steady-state operating conditions in blanket and
divertors

Single-phase heat transfer correlation,
single-phase pressure drop model, liquid
metal MHD model, metal heat transfer
correlation, metal pressure drop model

Transient conditions in blanket and divertors Two-phase boiling heat transfer correlation,
inter-phase heat transfer correlation,
two-phase pressure drop model, critical flow
model

Vacuum vessel critical flow model in high pressure drop,
hydrogen production model, flash
vaporization model, HT and HTO
conversion model

of different coolants are presented first, followed by the two-phase boiling heat transfer
models. The models in thermo-hydraulic database are listed briefly in Table 2.

Theoretical analysis of the full development of convective heat transfer by laminar
flow in pipes is relatively well done and many results have been publicly available
[47]. For forced convective heat transfer within a pipe, the longest and most commonly
applied correlations are the D-B correlation and its modifications [48], the Gnielinski
correlation [49], and the heat transfer formulas for liquid metals [36]. The steady-state
conditions in fusion reactormainly involve single-phase heat transfer, but in some special
conditions the pressure in the channel changes, leading to the boiling of the liquid, when
the phenomenon of boiling in the tube should be analyzed. Bergles and Rohsenow [50]
derived a criterion for the onset of subcooled boiling based on experimental data obtained
from several industrial smooth tubes. A more general model to determine the onset
of subcooled boiling is Jens-Lottes formula [51], jointly with the single-phase forced
convection equation. For nucleation boiling of different liquids, Rohsenow [52] proposed
the correlations for calculation of heat flux or boiling temperature difference. Chen
correlation [53], with a mechanism that considers both saturated boiling heat transfer
and convective heat transfer, is applicable to the whole saturated boiling before DNB.
In 1961, Kutateladze [54] proposed the calculation of the two-phase flow heat transfer
coefficient for flow boiling by the asymptotic method, and another class of empirical
correlations considers the total heat transfer coefficient as consisting of two components,
such as the correlations used by Mattson [55]. Such correlations are applicable to both
transition boiling and film boiling. There are also some empirical correlations with
limited applicability, such as theMcDonough correlation [56], the empirical correlations
obtained by fitting experimental data of flow boiling proposed by Tran [57] and Lazarek-
Black [58], etc. In particular„ for a single-sided heated pipe, Luan Zhenbo [59] proposed
the heat transfer correlation for subcooled boiling.
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The pressure drop of single-phase liquid between two sections can be calculated by
the following equation:

�P = p1 − p2 = �Pel + �Pa + �Pf + �Pc (1)

where, p is the static pressure of the fluid at the given cross-section.�Pel is the elevation
pressure drop caused by the change in height of fluid. �Pa is the acceleration pressure
drop caused by the change in fluid velocity. �Pf is the pressure loss caused by frictional
resistance. �Pc is the local pressure drop, which should be calculated at the corner of
the FW, bent pipe in CPs where the shape of the flow channel changes. The pressure
drop model for two-phase flow is as follows:

�p = �pE,TP + �pAD,TP + �pF,TP (2)

The terms on the right side are elevation pressure drop, acceleration pressure drop,
and friction pressure drop, respectively.

For the two-fluid model of two-phase flow, there are interphase exchanges of mass,
momentum, and energy in the boiling condition. In the six-equationmodel, the interphase
mass transfer equation is the key, however, the equations are different in eachflowpattern.
The interphase heat exchange model in the database is from RELAP [60].

The transient conditions in the fusion blanket involve some special models. The
critical flow model of coolant is involved in the break accident of a vacuum vessel,
such as the single-phase critical flow model [61, 62] and the two-phase critical flow
model [61, 62]. The calculation of the coolant leakage to the vacuum vessel is referred
to the GETTHEM code [63]. The reaction rate of the oxidation reaction in the blanket
cooling system, which involves the reaction between beryllium metal and water vapor
and oxygen, and the oxidation reaction between tungsten metal and water vapor, can be
calculated by the model [64–66]. The tritium extraction system (TES) is an auxiliary
system whose function is to extract tritium from the blanket using the purge gas, and
the exchange reaction of HT and HTO is considered as one of the important chemical
reactions to obtain tritium from the purge gas, and the reaction rate constant can be
calculated by [67, 68]. Flashingoccurs at the breakof the fusionblanketwhere the coolant
flows from the high pressure region to the low pressure region. GETTHEM considers
the special case of high pressure drop model for flashing phenomenon, which could
refer to reference [63]. Cheng et al. [69] proposed an effective conduction coefficient
model for flash evaporation of droplets by a diffusion-controlled evaporation model
with convective heat transfer inside the droplet. Elias and Chambre [70] proposed a
phenomenological model for predicting the flash evaporation of fluids during static or
flow transients. Assuming that the water jet inside the vacuum vessel begins to evaporate
in large quantities after contact with the FW and that the heat flux is distributed equally
over the surface of the FW, the pressure of the vacuum vessel can be calculated using
the equation [71].

4 The Testings of Database

The data presented above was organized into the database, which needs to be tested to
ensure the accuracy of the data. The data or model will be calculated using a code written
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in Fortran language, and the results will be compared and analyzed with experimental
or simulation results.

4.1 Testing of Material Database

Numerical simulations of convective heat transfer for uniform heating tubes were per-
formed in the reference [72] to obtain the heat transfer coefficient of the wall. In this
paper, the heat transfer coefficients at the same conditions are derived from the code
with data in database, and compared with the reference.

Fig. 2. Comparison of calculated results and values in [72]

The diameter of the circular tube is 11 mm, the wall is uniformly heated, the pressure
is 10 MPa, and the inlet temperature of water is 373.15 K. The heat transfer coefficient
between fluid and wall can be calculated for different flow velocities. The dimensions of
the circular tube, pressure, and inlet temperature are written into the code, the thermal
properties are read and the D-B correlation is selected as the heat transfer model for the
calculation of the heat transfer coefficient. The obtained calculation results and results
in reference are shown in Fig. 1, where the maximum error is within 6.2%.

4.2 Testing for Thermo-Hydraulic Database

In the reference [73], a thermal analysis of WCCB was carried out, and the RELAP5
code was applied to simplify the typical blanket and perform steady-state calculations
to obtain the inlet and outlet temperatures, mass flow rate, and distributions of wall
temperature. In this paper, based on the database data and the thermo-hydraulic models,
a code was written in Fortran to perform steady-state calculations on the node diagram
shown in Fig. 2, and the results were compared and analyzed with the results in reference
[73].

The inlet and outlet temperatures of the flow channel, such as nodes 106, 207, 211,
215, 219, etc. in Fig. 3, are calculated by reading the thermal properties of fluid and
structure based on the nuclear heat of each part and the fluid temperature at each location
obtained from the neutronics analysis. Subsequently, the heat transfer coefficients are



Thermo-Physical Property Database of Fusion Materials 521

calculated based on the temperature distribution of the coolant along the axial height, the
heat of the component, the size of the channel, and themass flow rate, based on empirical
correlations to obtain the wall temperature. The calculated results of temperatures on
the left of the 2080 component and the left of the 2010 component are compared with
the reference [73] as follows.

Fig. 3. The node diagram of WCCB [73]

Fig. 4. Comparison of temperatures on the left of the 2080 component

The comparison results are shown in Fig. 4 and Fig. 5. It can be seen that the overall
data is relatively in good agreement, and the error may be caused by the heat flux of wall
not being completely uniform.
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Fig. 5. Comparison of temperatures on the right of the 2010 component

5 Conclusions

The object of this paper is the three types of CFETR blanket: HCSB,WCCB, and DFLL.
The thermal properties of coolant, structural materials, PFM materials, tritium breeder
and neutron multiplier materials, the structural characteristics, and the coolant flow
scheme in the three types of blanket are introduced, and the thermal hydraulic models
and special models are summarized. Finally, based on the database, the data is tested
and verified with different cases. The preliminary database has been built and briefly
tested. However, the current data is not directly available to the system code without
validation, and the data has not been integrated into the subroutines for code. For the
thermo-hydraulic models, the applicability for CFETR blankets still needs to be further
analyzed. In the future, we will use the system code and the physical property package
of a database for testing as well as application evaluation for CFETR blankets.

Acknowledgements. The present study is supported by the NationalMCF Energy R&DProgram
(2019YFE03110004).
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Abstract. Existing depletion and source termcalculation codes lackflexible inter-
faces, which is difficult to meet the actual engineering design needs. Based on
the Chebyshev rational approximation method, a new depletion, activation and
source term calculation code TIST is developed and verified. Full-fidelity deple-
tion library based on ENDF-VII.0 and EAF2010 contains 3837 isotopes is gen-
erated. Flexible interfaces are built-in to support cross sections from different
sources for depletion and activation calculations. The EAF2010 library and the
cross sections from the high-fidelity code NECP-X are adopted by TIST for the
verification in this work. Based on the nuclide inventory of the depletion and
activation calculation, the radiation source term calculation capability of TIST is
developed, including the radioactivity, the decay heat, the neutron source and the
photon source. The comparison results with NECP-X and FISPACT demonstrate
good accuracy of TIST.

Keywords: TIST · NECP-X · Depletion calculation · Activation calculation ·
Source term calculation

1 Introduction

The radiation source term for the fuel stacks and the structure materials is one of the
important inputs for the radiation shielding design.Accurate prediction of the source term
could support the design of nuclear facilities and improve economic efficiency. Nuclide
inventory is the basis of the source term calculation, which involves the depletion calcu-
lation of the fuel stacks and the activation of the non-fissile materials. The existing codes
such as ORIGEN-2 [1] and FISPACT [2] suffer from low accuracy and bad robustness
of old algorithms. Nevertheless, the in-house modules do not open interfaces to other
organizations, including ORIGEN-S in SCALE [3] and son on.

In this work, a new depletion, activation and radiation source term calculation code
TIST is developed and verified with the high-fidelity code NECP-X [4] and FISPACT.
The content is organized as follows. In Sect. 2, the theory of TIST is presented, including
the library of TIST, depletion and source termmodels. The accuracy demonstration of the
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depletion calculation, activation calculation and the source term calculation are shown
in Sect. 3. Conclusions are summarized in Sect. 4.

2 Theory

The development of depletion, activation and radiation source term calculation functions
inTIST include the generation of the depletion and activation chain library, the estimation
of nuclide inventories and the radiation source term calculation fromdifferent radioactive
sources. This section can be divided into three parts. Firstly, the high-fidelity depletion
and activation chain library is generated for TIST, and then the basic governing equation
of depletion and activation calculation and its solution are introduced. Finally, themethod
of calculating radiation source term in TIST is described in detail.

2.1 Generation of the Depletion and Activation Chain Library for TIST

The depletion and activation chain library provides nuclides’ property, transmutation
and decay information for TIST, including the half-life, the energy per disintegration,
transmutation paths and branching ratios, etc. A full-fidelity depletion and activation
chain library is developed in TIST ENDF/B-VII.0 evaluated nuclear data library [5]
and the neutron-induced activation library EAF-2010 [6] in this work. Nuclides in TIST
are grouped into three categories: actinides, fission products and activations. The major
characteristics of libraries of TIST are presented in Table 1, including number of three
kinds of nuclides and information of transmutation and decay paths.

Table 1. Main characteristics of the depletion and activation chain of TIST

# of nuclides # of actinides # of fission
products

# of activations # of decay
paths

# of
neutron-induced
paths

3837 442 1137 2258 5666 60407

2.2 The Solution of the Bateman Equations in TIST

The Bateman equations are solved for a set of time steps, which can be written in a
matrix form as follows:

d
−→
N

dt
= A · −→

N (t) (1)

The general solution of Eq. (1) is given in Eq. (2):

−→
N (t2) = etA · ⇀

N (t1) (2)
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where A is the transmutation and decay matrix, which is a large-scale and stiff system.
⇀

N (t1) is the initial number densities of all nuclides of previous time step.
The Chebyshev rational approximation method (CRAM) [7] is used for calculating

Eq. (2) in TIST. The eigenvalues of the coefficient matrix of Bateman equations are
clustered around the negative real axis. In this situation, exponential function for the
interval (−∞, 0] can adopt Chebyshev rational approximation.When the approximation
is applied to the matrix exponential, Eq. (2) can be presented as following:

−→
N (t2) = α0

−→
N (t1) + 2

⎡
⎣Re

k/2∑
i=1

αi(A�t + θiI)
−1

⎤
⎦−→
N (t1) (3)

where α0 is the limiting value of the approximation at infinity, αi and θi is the residues
and poles which depend on order k and thus they can be pre-calculated and tabulated
against expansion order k in the code. t1 is time of the beginning of the step, t2 is the
time of the end of the step, �t equals t2 − t1.

Due to the sparse structure of the coefficient matrix, Eq. (3) can be solved accurately
and efficiently with the non-zero storage function in and the Jacobian iterative method
in TIST.

2.3 Radiation Source Term Calculation Methods

Based on the isotopic inventory from the transmutation calculation, and the decay
constants, the radioactivity of every isotope can be explicitly tracked:

Ainuc = Ninuc.λinuc (4)

where Ainuc is the radioactivity, λinuc is the decay constant of isotope inuc, and Ninuc is
the number of isotope inuc.

The decay heat of every isotope relies on the radioactivity and the energy per
disintegration can be obtained:

DH =
nnuc∑
inuc

Ainuc.E
decay
inuc (5)

whereDH is the decay heat, Edecay
inuc is the energy per disintegration of isotope inuc, nnuc

is the total number of isotopes.
The photon source termmodel implemented in TIST considers gammas arising from

X-rays, gamma-rays, bremsstrahlung, spontaneous fission, and (α, n) reactions. ENSDF-
2011 [8] is adopted to provide the photon yields. The photon source term calculation
method is the same as ORIGEN’S method. When the line-energy data is transformed
to multi-group photon yields, the adjusted group yield per disintegration of the emitter
inuc is given as following based on the conservation of energy:

yield(ig, inuc) =
n∑

i=1

yieldi,inuc.Ei/Eig (6)
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where yield(ig, inuc) is the photon yield per disintegration of group ig, yieldi,inuc is the
actual photon yield at photon energy Ei, Eig is the mean energy of the group and n is the
total number of photon yield in the group ig given in ENSDF-2011.

The neutron source term of TIST includes neutrons produced from spontaneous
fission and (α, n) reactions. The calculation of the neutron source term includes the
calculation of strengths and the spectra. The methods are adopted from the SOURCE
4C code [9].

The spontaneous fission reaction can be considered as a decay reaction, and its
strength Nsf can be directly calculated with the activity of the precursor Asf , and the
number of neutrons per fission υ.

Nsf = Asf . υ (7)

As for the normalized spontaneous neutron spectrum, theWatt fission spectrum [10]
is applied:

N (E) = ce−E/a sinh
√
bE = ce−E/a

(
e
√
bE − e−√

bE
)

2
(8)

where a and b are evaluated nuclide-dependent constants, c and E are the normalization
constant and neutron energy.

The calculation of neutron source strength from the (α, n) reaction is based on
the neutron yield and the activity of alpha decay. It is assumed that all alpha particles
are stopped within the medium, and react with the target nuclides in the medium, not
transporting to adjacent regions [9].

In the medium, the α particles have multiple origins and the (α, n) reactions happen
with different target nuclides. For one specific α particle and a target nuclide i, the
calculation of the neutron yield from (α, n) reaction requires the stopping power S(E),
microscopic (α, n) reaction cross-section σ

(α, n)
i (E) of the target nuclide i, and the alpha

particle energy E.
The stopping power S(E) is defined as the loss energy dE per unit path length dx:

S(E)= −dE

dx
(9)

The yield of the neutron production from the alpha partial with the target nuclide i
is given as follows:

Yi(Eα) =
∫ 0

Eα

P(α, n)
i (E)dE = Ni

∫ Eα

0

σ(α, n)(E)

S(E)
dE (10)

where Ni is the number density of target nuclide in the mediums, Eα is the energy of the
alpha particle.

3 Numerical Results

Three cases were used to verify TIST. The results provided by TISTwere compared with
FISPACT and the high-fidelity codeNECP-X. Firstly, the second international activation
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calculation benchmark [11] was presented to demonstrate the accuracy of the activation
calculation. Secondly, a pin cell problem from VERA depletion benchmark was used
to test the depletion calculation in TIST. Finally, the radiation source term calculation
based on the spent fuel is conducted by TIST and NECP-X, respectively.

3.1 The Second International Activation Calculation Benchmark

The activation benchmark was completed under the coordination of the IAEA Nuclear
Data Section in 1994. Two problems were developed in this benchmark, including the
activation of 50Cr and natural Fe. Besides, a 100-group fusion flux was also provided
for the calculations. FISPACT-2007 is chosen to offer the reference results, which are
publicly available in the literature [12].

The results are shown in Table 2 and Table 3 for the activation of 50Cr and natural
Fe, respectively (T for TIST, N for NECP-X and F for FISPACT2007). It is found that
the differences between FISPACT2007, TIST and NECP-X are small. The errors of
nuclide inventory for all isotopes between TIST and FISPACT are within 0.7% and the
maximum error is −0.63% for 50V.

Table 2. Comparison results for the activation of 50Cr

Nuclide N-F diff (%) T-F diff (%)
48Ti −0.15 −0.23
49Ti −0.12 −0.12
50Ti −0.14 −0.14
49V −0.05 −0.05
50V −0.07 −0.07
51V −0.08 −0.07
50Cr 0.00 0.00
51Cr 0.00 0.00
52Cr −0.13 −0.13
53Cr −0.20 −0.20
54Cr −0.27 −0.26

3.2 The VERA Depletion Benchmark

In order to assert the accuracy of the depletion capability of TIST, a pin cell problem
from the VERA depletion benchmark [13] is tested.

VERA depletion benchmark problems were developed based on the VERA pro-
gression problems [14] by Oak Ridge National Laboratory in 2015. It contains detailed
information, including the geometry, temperature and the materials of fuel, moderator,
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Table 3. Comparison results for the activation of natural Fe

Nuclide N-F diff (%) T-F diff (%)
49Ti −0.13 −0.24
50Ti 0.08 −0.02
49V −0.09 −0.52
50V −0.08 −0.63
51V 0.04 0.04
50Cr 0.05 0.05
51Cr 0.11 0.11
52Cr −0.13 −0.22
53Cr 0.05 0.05
54Cr 0.00 −0.01
54Mn 0.07 0.07
55Mn −0.01 −0.01
56Mn −0.02 −0.02
57Mn 0.12 0.12
54Fe 0.11 0.11
55Fe 0.07 0.07
56Fe 0.12 0.12
57Fe 0.12 0.12
58Fe 0.12 0.11
59Fe 0.06 0.05
59Co −0.01 −0.01
60Co −0.06 −0.08
60mCo 0.08 0.01

guide/instrument tubes and burnable poisons. Pin cell problems cove the enrichment of
fuel from 2.1% to 4.6%, and fuel temperature from 565 K to 1200 K. More detailed pin
cell configurations, materials, depletion options may refer to the benchmark report [13].
VERA-1C problem is chosen for the test in this work, the cross sections are provided
by NECP-X and important isotopes at 60 GWd/tU are compared, which is presented in
Table 4. It is found that the differences between TIST and NECP-X are small. The errors
of nuclide inventory for all isotopes are within 0.4% and the maximum error is 0.37%
for 243Am.

3.3 Radiation Source Term of the Spent Nuclear Fuel

The accuracy of TIST for the source term calculation is asserted by comparison of code-
to-code. The comparison of TIST to NECP-X is conducted here. To eliminate the errors
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Table 4. Comparison results for the actinides and fission products

Actinides

Nuclide NECP-X TIST T-N diff (%)
235U 7.27E–05 7.25E–05 −0.35
236U 9.97E–05 9.98E–05 0.01
238U 2.09E–02 2.09E–02 0.01
237Np 1.90E–05 1.90E–05 0.08
238Pu 1.23E–05 1.23E–05 0.19
239Pu 1.73E–04 1.73E–04 0.04
240Pu 7.96E–05 7.96E–05 0.08
241Pu 5.55E–05 5.55E–05 0.12
242Pu 3.43E–05 3.44E–05 0.27
241Am 1.82E–06 1.82E–06 −0.14
242mAm 3.61E–08 3.61E–08 −0.12
243Am 9.00E–06 9.04E–06 0.37
242Cm 8.79E–07 8.80E–07 0.16
243Cm 3.41E–08 3.42E–08 0.26
244Cm 6.52E–06 6.52E–06 0.06
245Cm 6.24E–07 6.25E–07 0.08
246Cm 9.92E–08 9.94E–08 0.23

Fission products

Nuclide NECP-X TIST T-N diff (%)
95Mo 6.16E–05 6.17E–05 0.08
99Tc 6.71E–05 6.70E–05 −0.24
103Rh 3.65E–05 3.65E–05 0.09
133Cs 7.03E–05 7.03E–05 0.08
147Sm 3.32E–06 3.32E–06 −0.1
149Sm 1.17E–07 1.17E–07 0.1
150Sm 1.78E–05 1.79E–05 0.2
152Sm 6.97E–06 6.95E–06 −0.17
143Nd 4.21E–05 4.21E–05 0.08
145Nd 3.81E–05 3.82E–05 0.12
153Eu 7.79E–06 7.78E–06 −0.09
155Gd 5.91E–09 5.90E–09 −0.26
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introduced by the depletion calculation, the same compositions of SNF are provided
for both codes, which come from the nuclide inventory of irradiated nuclear fuel of
VERA-1C in this work. Note that ‘0 year’ means the shut-down time.

Figure 1 and Fig. 2 present the comparison of the radioactivity and the decay heat
results between TIST and NECP-X, respectively. In the figures, the results of NECP-X
are taken as the reference. As shown in Fig. 1 and Fig. 2, themaximum relative difference
of decay heat and radioactivity of two codes for all decay time range is less than 0.15%.

Figure 3 andFig. 4 shows the relative difference of photon spectra and neutron spectra
between TIST and NECP-X. The maximum relative difference of photon spectra and
neutron spectra between TIST and NECP-X is 0.44% and -0.37%, respectively, whose
strength is pretty low in this situation.

Fig. 1. Comparison of the radioactivity between TIST and NECP-X

Fig. 2. Comparison of the decay heat between TIST and NECP-X
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Fig. 3. Comparison of photon spectra between TIST and NECP-X

Fig. 4. Comparison of neuron spectra between TIST and NECP-X

4 Conclusions

The depletion, activation and radiation source term calculation code TIST is developed
and verified in this work. The theoretical models of TIST are introduced briefly in this
paper, including the depletion and activation chain library, depletion model and the
source term calculation model. The accuracy of TIST for the depletion calculation, the
activation calculation and the source term calculation are verified by a set of benchmarks,
and the results show good consistency for TIST, FISPACT and the high-fidelity code
NECP-X.Morework is under going to compare the results of TIST to themeasurements.
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Abstract. The derivation method of activity concentration upper limits for low
level radioactive waste is put forward. The activity concentration upper limits for
low level solid radioactive waste will be ascertained, on the basis of safety assess-
ment of near surface disposal. On the premise of basic safety requirements about
radioactive waste near surface disposal, taking Yaotian disposal site and Feifeng-
shan disposal site as the reference sites, the drilling water scenario, drilling sce-
nario, post-drilling scenario, and housing scenario after the institutional control
period when the disposal sites have been closed are considered. The radionuclide
transfer process and exposure pathway of various scenarios are analyzed, the con-
ceptual model and mathematical model of radionuclide transfer are established,
and the effective dose to human from various scenarios is calculated. Assuming a
linear relationship between the activity concentration and thedose, the activity con-
centration upper limits of various scenarios are then derived for each radionuclide
that meet the appropriate dose criteria. The smallest upper limit is chosen, by the
approximate integer principle, the magnitude of upper limit of each radionuclide
for low level solid waste is then ascertained.

Keywords: Activity Concentration Upper Limit · Safety Assessment · Near
Surface Disposal

1 Introduction

In 2009, International Atomic Energy Agency (IAEA) released the latest Safety Guide-
lines for the Classification of Radioactive Waste (IAEA-GSG-1, 2009) [1], which pro-
vides a dispose-based classification scheme of radioactive waste, classifying radioactive
waste into exempt waste, very short-lived waste, very low level waste, low level waste,
intermediate level waste and high-level waste. Low level waste is defined as the waste
that is above clearance levels, but with a limited amounts of long-lived radionuclides.
This class of waste requires robust isolation and containment for periods of up to a few
hundred years. It is suitable for disposal in engineered near-surface disposal facilities and
covers a very broad range of waste. The activity concentration of short-lived radionu-
clides in LLWmay be high, while the activity concentration of long-lived radionuclides
is relatively low, but IAEA has not given a specific upper limits. Quantitative waste
classification values need to be determined on the basis of safety assessment of disposal

© The Author(s) 2023
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facilities. The aim of this study is to derive the upper limits of the activity concentration
of radionuclides in the low level solid waste based on the safety assessment of the near
surface disposal of radioactive waste.

2 Approach to Deriving Activity Limits

Safety assessment is required in the derivation of the near-surface disposal activity con-
centration limits for specific radionuclides to ensure that the results of safety assessment
for both operational and post-closure periods of disposal facilities meet the appropriate
safety criteria [2]. The derivation process of the activity concentration limit is shown
in Fig. 1. First, take a unit activity concentration of each radionuclide, consider all the
potential scenarios, calculate the dose caused by each scenario, compare the peak dose
of each nuclide in each scenario, that is, the maximum dose. In order to obtain the
activity concentration limit, the maximum dose of each nuclide was compared with the
dose limit. Assuming that there is a linear relationship between the activity concen-
tration value and the dose, the activity concentration limit of each radionuclide can be
derived in each scenario meeting the appropriate radiological protection criteria. For any
given scenario, the activity concentration limits of each radionuclide in the waste can be
calculated using formula (1):

Cpi = Doselim · Ci

MaxDoseiu
(1)

where, Cpi is the activity concentration limit of radionuclide i in the waste (Bq/kg),
Doselim is the relevant dose limit (Sv/a), maxDoseiu is the peak dose resulting from the
initial activity of radionuclide i in the waste (Sv/a),Ci is the initial activity concentration
of the radionuclide i in the waste (Bq/kg).

The minimum value of the activity concentration limit calculated by each scenario
is selected to obtain the activity concentration upper limit of the nuclide in the waste,
and the corresponding scenario is the key scenario.

 1.Assessment

context

2.System

description

3.Scenario analysis

and choice

4. Formulate and

implement models

5.Run analysis

6.Derive activity

limits

Radiological

protection

criteria

Fig. 1. Activity limits derivation process
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2.1 Assessment Context

The purpose of the assessment is to derive the activity concentration limit of the radionu-
clide for the disposal of radioactive waste in the near surface disposal site, so as to deter-
mine the activity concentration upper limit of the low level solid waste, and to ensure that
the radiation impact of low level solid waste in near surface disposal on human beings
and the environment remains at an acceptable level. In the derivation of the activity
concentration limit, 300 years of institutional control period was assumed. Therefore, a
possible inadvertent human intrusion should occur 300 years after closure of the facility.

2.2 Dose Limit

The derivation of the activity concentration upper limit of radionuclide in radioactive
waste is to consider the long-term safety of the disposal of waste, that is, to consider
its potential harm to current and future human beings. The derivation of the activity
concentration upper limit of radionuclide for low level solid waste follows the following
dose criteria:

The annual effective dose of radionuclides released into the environment by various
pathways from the near surface disposal facility to key groups of individuals in the public
before the expiration of 300 years of institutional control does not exceed 0.25 mSv [3].

The annual effective dose to the individual public of radionuclides released into the
environment by various pathways from the near surface disposal facility at any time
after 300 years of institutional control has been released from the disposal facility does
not exceed 0.01 mSv [4]. For intruders who breach engineering barriers, the annual
effective dose of the radionuclides released from disposal facility to intruders through
various pathways does not exceed 1 mSv.

2.3 Disposal Site and Nuclide Selection

In the derivation of the activity concentration limit of the radionuclide in waste, the
Yaotan disposal site [5] and Feifengshan disposal site [6] were taken as the objects to
conduct evaluation and derivation. The selected nuclides are as follows:

The nuclides with half-life of 5–30 years: 3H, 90Sr and 137Cs. 3H represents the
transferable nuclide; 90Sr and 137Cs represent nuclides with half-lives of 30 years, which
are about one-tenth of the institutional control period.

β nuclides with long half-life: 63Ni, 14C and 99Tc.
α nuclides with long half-life: 239Pu, 240Pu, 237Np and 241Am.

2.4 Scenario Analysis and Choice

Scenario analysis is an analytical method to determine and quantify the phenomena that
can facilitate the release of radionuclides from near surface repository, or influence the
release rate. According to the scenarios selected for the environmental impact assessment
of the disposal site, the scenarios considered in the derivation of the upper limit value
of the activity concentration of low level solid waste can be divided into two categories:
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Operational scenarios: in the operational scenarios (such as waste package dropping,
fire and other accidents), the risk of radioactivity may be generated for a short duration.
The presence of operators and government supervision agencies minimizes the release
of radioactivity during operations. Therefore, when determining the limit of the activ-
ity concentration of radionuclides, this kind of scenario is of little significance, so the
operational scenario is not calculated in this derivation.

Post-closure scenarios:
After the expiration of the institutional control period, the exposure scenario caused

by drilling wells and drinking water at the boundary of the disposal site is mainly related
to the migration of groundwater, and depends on the environmental characteristics and
facility design of the specific site. As this scenario is dependent on the total activity
of the whole repository, and has nothing to do with the nuclide concentration in the
waste, is called the total activity scenario, the scenario can be used to calculate the total
activity limit in the whole site, divided by the waste volume of the entire disposal site can
be concluded that nuclide activity concentration limit related to groundwater migration
mechanism [7].

After the expiration of the institutional control period, the occurrence of human intru-
sion scenario, that is, the exposure scenario caused by drilling on the disposal site, living
after drilling, and housing. These scenario analysis results are generally less dependent
on the environmental characteristics of the site and restrict the concentration level of
nuclides, so they are called concentration scenarios. Because the intrusion scenario has
little dependence on the characteristics of a particular site, the derived limits are of
general significance.

3 Derivation and Calculation of the Upper Limit of Activity
Concentration

3.1 Assessment Context

Conceptual Model
After the repository is closed, the performance of the engineering barrier will gradually
deteriorate over time. Due to the effect of seepage water, the nuclides will be leached
from the waste form, then released from the disposal unit floor into the unsaturated zone
under the disposal unit, and then enter the aquifer and transfer along the direction of
underground water flow. It is assumed that after the closure of the repository, the public
dug a well at 100m downstream of the disposal site to drink the well water and use
it for agricultural irrigation. The internal exposure caused by drinking the well water,
ingesting the agricultural products irrigated by the well water, and ingesting the poultry
and livestock products fed by the crops irrigated by well water is considered. For the
drilling water scenario, the radionuclides transfer process and exposure pathways are
shown in Fig. 2.
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Fig. 2. Radionuclide transfer process and exposure pathway of drilling water scenario

Mathematical Model

(1) Migration of nuclides in the disposal unit

Decay, adsorption and vertical downward migration of nuclides are considered in
the calculation of nuclide migration in the disposal unit. The vertical downward transfer
rate (λinf, a−1) of nuclides caused by infiltration water is given by the following formula
[8]:

λinf = qin
Lwθw,1R

(2)

where, qin is the Darcy flow rate (m/a) through the disposal unit, namely infiltration rate;
Lw is the total length of radionuclide migration (m), namely the height of the disposal
unit; is the effective porosity of the medium in the disposal unit; R is the retention
coefficient of the media in the disposal unit for nuclides, and its value is given by the
following formula:

R = 1 + ρKd

θw,1
(3)
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where, ρ is the density of the medium in the disposal unit (kg/m3), Kd is the distribution
coefficient of nuclides in the medium in the disposal unit (m3/kg).

(2) Migration of nuclides in unsaturated zone

The nuclides released from the bottom of the disposal unit enter the unsaturated zone,
and the samemodel is used to calculate themigration of nuclides in the unsaturated zone.
The migration process of nuclides vertically downward is shown in Eqs. (2) and (3).

(3) Migration of nuclides in aquifer

The nuclides migrate into the aquifer through the unsaturated zone. Decay, adsorp-
tion, convection and dispersion are considered in the calculation of the nuclidesmigration
in the aquifer. It is assumed that: there is no other leakage source term; the nuclides are
uniformly mixed vertically in the aquifer; ignoring molecular diffusion.

When calculating the migration of nuclides in aquifer, for convective transport, the
transfer rate is λA,ij, and for dispersion, the transfer rate λD,ij is:

λA,ij = q

θwLiR
(4)

λD,ij = ax
�x

λA,ij (5)

where, q is the Darcy flow rate of groundwater, m/a; θw is the effective porosity of
the aquifer; q

/
θw is the actual velocity of groundwater, m/a; Li is the length of the

compartment in the aquifer, m; αx is longitudinal dispersion, m; ax = Dxθw
q ; DX is

longitudinal dispersion coefficient, m2/a; �X is the migration distance of the nuclide in
the medium, m.

(4) Dose estimation

The total individual dose for drinking water from drilling Wells is calculated as
follows:

Dwell = DW ,P + Dg + Dg,1 (6)

where, DW,P is annual individual effective dose from drinking well water, Sv/a; Dg is
annual individual effective dose from ingestion of contaminated agricultural products,
Sv/a; Dg,1 is annual individual effective dose from ingestion of poultry and livestock
products, Sv/a.

The annual individual effective dose from drinking well water can be calculated by
the following formula:

DW ,P = Q × CW ,i × DCing (7)

where: Q is the amount of drinking water, m3/a; CW,i is the concentration of nuclide i in
well water, Bq/m3; DCing is the dose coefficient of nuclides for ingestion, Sv/Bq.
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The annual individual effective dose from ingestion of contaminated agricultural
products can be calculated by the following formula:

Dg = DCing × vp × fp × Cp,i (8)

where, vp is an individual’s annual intake of P products, kg/a; f p is the share of P
products consumed in the relevant area, conservatively taking FP= 1;Cp,i is the activity
concentration of nuclide i in P agricultural products, Bq/kg, where Cp,i is calculated by
the following formula:

Cp,i = CG,i × BV

P
× e−λth (9)

where, BV is the concentration factor of nuclides absorbed by the edible part of crops
from soil, Bq·kg−1(fresh crops)/Bq·kg−1(dry soil); P is the effective surface density of
soil, kg(dry soil)/m2, P = 240; th is the time from harvest to consumption of crops, a;
CG,i is the concentration of nuclides deposited on the soil surface caused by irrigation
water, Bq/m2, and its value can be calculated by the following formula:

CG,i = CW ,i × I

λse
× (1 − exp(−λsetb)) × Pp (10)

where, I is the average irrigation rate in the growing season, m3/(m2a); tb is the accumu-
lation time of radionuclides on the soil surface, a; Pp is the share of well water irrigation,
0.1; λse is the effective rate constant for the removal of radionuclides from the soil surface,
a−1, which can be calculated by the following formula:

λse = λ + λs (11)

where, λs is the rate constant for other removal processes of nuclide other than decay,
a−1.

The annual individual effective dose from ingestion of poultry and livestock products
can be calculated by the following formula:

Dg,1 = DCing × vp × fp × Cp,i,1 (12)

where, Cp,i,1 is the activity concentration of nuclide i in animal products, Bq/kg, which
can be calculated by the following formula:

Cp,i,1 = FA × CF × QF × exp(−λtf ) (13)

where, FA is the average share of daily intake of radionuclides in each kilogram of
animal products, d/kg; CF is activity concentration of nuclide in animal feed, Bq/kg(dry
weight); QF is the daily feed consumption of animals, kg(dry weight)/d; tf is the time
from the slaughter of the animal to the consumption of the animal product, a.
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3.2 Drilling Scenario Calculation

Conceptual Model
It is assumed that 300 years after the closure of the repository, intruders drill above the
disposal unit with a core diameter of D = 0.1 m, a waste length of L = 8 m, a uniform
distribution of nuclides, a drilling operator 0.5 m away from the core and the contact
time of 8 h. Consider the dose to drilling operators caused by external irradiation from
the waste and internal exposure of radioactive dust inhalation. In the drilling scenario,
the radionuclide transfer process and exposure pathway are shown in Fig. 3.

Waste

Atmosphere

(dust)

drilling

worker

Suspension

Inhalation

External

irradiation

Fig. 3. Radionuclide transfer process and exposure pathway of drilling scenario

Mathematical Model
The total annual individual effective dose to a intruder caused by drilling scenario is
calculated by the following formula:

Ddrill = Dex + Dinh (14)

where, Dex is the external exposure dose, Sv; Dinh is the dose of internal exposure due
to inhalation, Sv.

(1) External exposure dose

Simplified as a line source, the operator’s dose due to external exposure of a certain
nuclide is calculated by the following formula:

Dex = t × 47.4 × A × �

Lrock × R
× tg−1 Lrock

2R
(15)

where, t is the time that the operator contacts the core containing waste, s; � is the
exposure rate constant, C·m2·kg−1·Bq−1·s−1, and the radionuclide of gamma rays is
137Cs. L is the length of the core containing waste, m; R is the distance between the
operator and the core, m; A is the activity of radionuclide in the core of 8 m long, Bq.

A = Crock × Vrock × ρwaste (16)
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where, Crock is the activity concentration of the nuclide in the core, Bq/kg; Vrock is the
volume of the core, m3; ρwaste is the density of waste in the core, kg/m3.

(2) Internal exposure dose

Dose due to internal exposure of inhalation is calculated by the following formula:

Dinh = t × η × Ci × DCinh (17)

where, η is the air respiration rate of personnel, m3/min; t is the contact time, min;DCinh

is the dose coefficient of nuclides for inhalation, Sv/Bq; Ci is the activity concentration
of nuclides in the air, Bq/m3.

Ci = Crock × S (18)

where, S is the dust content in the air (kg/m3).

3.3 Post-drilling Scenario Calculation

Conceptual Model
The post-drilling scenario refers to the drilling that occurred 300 years after the closure of
the repository. The 8 m-long core brought out by the drilling scattered and contaminated
the soil. Then the intruder will be engaged in farming on the contaminated soil, and will
be exposure by various pathways. It is assumed that the core is evenly distributed in the
soil of 2500 m2 with a thickness of 0.15 m and a soil density of 2000 kg/m3. Inhalation
internal irradiation through resuspension of contaminated soil, direct external irradiation
through surface deposition of contaminated soil, and internal exposure through ingestion
of crops and vegetables growing in contaminated soil were considered. In the post-
drilling scenario, radionuclide transfer process and exposure pathways are shown in
Fig. 4.

Mathematical Model
The total annual individual effective dose to an intruder caused by post-drilling scenario
is calculated by the following formula:

Dafterdrill = Dsoil + Dinh,1 + Ding (19)

where, Dsoil is the dose caused by surface deposition external exposure, Sv; Dinh,1 is the
dose of internal exposure due to inhalation, Sv; Ding is ingestion dose, Sv.

(1) External exposure dose

The annual individual effective dose due to surface deposition external exposure is
calculated by the following formula:

Dsoil = Ci,soil × s × DCext × t (20)
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Fig. 4. Radionuclide transfer process and exposure pathway of post-drilling scenario

where,Ci, soil is the surface concentration of nuclide i in the soil, Bq/m2;Ci,soil = A/Ssoil,
A is the activity of radionuclide in the core of 8 m long, Bq; Ssoil is the area of soil,
m2; s is the building shielding factor, s = 1; DCext is the dose coefficient for external
irradiation from soil, (Sv/a)/(Bq/m2); t is the time of exposure in a year, a.

(2) Inhalation internal exposure dose

Inhalation internal exposure due to suspension of soil into the air. The resulting dose
is calculated by the following formula:

Dinh,1 = t × η × Ci,air × DCinh (21)

where, η is the air respiration rate of personnel, m3/a; t is the contact time, a; Ci,air is
the concentration of nuclide in air, Bq/m3.

Ci,air = A

Vsoil × ρsoil
× S (22)

where, Vsoil is the volume of soil, m3; ρsoil is soil density, kg/m3; S is the dust content
capacity in the air, kg/m3.

(3) Ingestion internal exposure dose

Individual dose due to consumption of crops grown on soil contaminated by scattered
cores is expressed in the following formula:

Ding = Ij × f × Ci,SOIL × Bi × DCing (23)
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where, Ij is the annual intake of crop type j, kg; f is the proportion of crops produced
in contaminated areas in the annual crop intake, where 1 is taken; Bi is the concentra-
tion factor of crops, Bq·kg−1(fresh weight)/Bq·kg−1 (dry soil); Ci,SOIL is the activity
concentration of radionuclide i in the soil, Bq/kg, calculated by the following formula:

Ci,SOIL = A

Vsoil × ρsoil
(24)

3.4 Housing Scenario Calculation

Conceptual Model
It is assumed that the building and living above the disposal unit takes place 300 years
after the closure of the repository, and there is 0.5 m concrete between the house and
the waste due to the stripping of all 5 m of the covering layer by digging the foundation.
The exposure pathway considered was γ external irradiation. In the housing scenario,
the exposure pathway of radionuclide is shown in Fig. 5.

Waste

dweller

¦Ã external irradiation

Fig. 5. Radionuclide exposure pathway of housing scenario

Mathematical Model
The waste form is regarded as an infinite flat body source with a certain thickness and
uniform distribution of nuclides. After adding 0.5 m concrete shielding, the exposure
rate can be calculated by the following formula:

XB = B exp(−μL)
2πM�

μ
(1 − E2(μd)) (25)

where,XB is the exposure ratewith shielding, C·kg−1·s−1;M is the volume specific activ-
ity of a certain nuclide in the disposal unit 300 years after the closure of the repository,
Bq/m3;� is the exposure rate constant, C·m2·kg−1·Bq−1·s−1;μ is the attenuation coeffi-
cient of concrete to γ-ray of some energy, m−1; d is the thickness of the body source, m;
E2 is a constant, looking up the table, it can be found that the value of E2 is in the order of
magnitude of 10–6,which is far less than 1 and canbe ignored.L is the shielding thickness,
m; B is the exposure accumulation factor, B = Aexp(−a1μL) + (1 − A)exp(−a2μL),,
A, a1 and a2 are constants.
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The air absorbed dose rate calculated from the exposure rate is:

D1 = 33.85XB (26)

where, D1 is the absorbed dose rate of air, Gy/s. The radionuclide of gamma ray is
137Cs. For 137Cs, the ratio of effective dose rate to air absorbed dose rate is expressed
by 1Sv/Gy. H is the effective dose rate, Sv/s, H = D1.

The individual dose to an intruder caused by housing scenario is calculated by the
following formula:

Dhouse = H × tjuzhu (27)

where, tjuzhu is the residence time, s.

4 Determination of Nuclide Activity Concentration Upper Limit
for Low Level Radioactive Waste

Based on the upper limit value of the activity concentration of each nuclide derived from
the above scenarios, the minimum upper limit value was selected and the magnitude of
the upper limit value of the activity concentration of each nuclide was determined by the
rule for rounding of numbers. According to the rule for rounding of numbers in IAEA
RS-G-1.7, that is, if 3 × 10x < result < 3 × 10x+1, it is 1 × 10x+1. The rounding result
of the upper limit value is shown in Table 1.

Table 1. Activity concentration upper limits for low level solid radioactive waste

Nuclide Half-life (a) Activity
concentration
upper limit of
drilling
scenario
(Bq/kg)

Activity
concentration
upper limit of
post-drilling
scenario
(Bq/kg)

Activity
concentration
upper limit of
housing
scenario
(Bq/kg)

Activity
concentration
upper limit of
drilling water
scenario
(Yaotian
disposal site)
(Bq/kg)

Activity
concentration
upper limit of
drilling water
scenario
(Feifengshan
disposal site)
(Bq/kg)

Activity
concentration
upper limit
(Bq/kg)

3H 12.3 7.66E+18 8.98E+17 9.92E+07 3.78E+07 1E+08
90Sr 29.1 8.27E+11 2.30E+09 4.62E+07 4.93E+07 1E+08
137Cs 30.0 2.47E+10 3.30E+09 4.36E+08 2.23E+15 2.04E+16 1E+09

63Ni 96 6.38E+11 4.45E+10 1.24E+12 3.03E+12 1E+11
241Am 4.32E+02 1.76E+06 1.14E+07 9.90E+07 3.92E+06 1E+06
14C 5.73E+03 1.86E+10 2.70E+07 1.97E+06 3.78E+06 1E+06
240Pu 6.54E+03 8.96E+05 6.10E+06 4.63E+05 3.35E+05 1E+05
239Pu 2.41E+04 8.75E+05 5.69E+06 9.20E+04 5.34E+04 1E+05

99Tc 2.13E+05 8.02E+09 2.59E+06 5.93E+04 7.25E+04 1E+05
237Np 2.14E+06 2.08E+06 1.21E+07 9.01E+04 1.74E+03 1E+03

As can be seen from Table 1, the key scenario of 137Cs is housing scenario, the key
scenario of 63Ni is post-drilling scenario, the key scenario of 241Am is drilling scenario,
and the key scenario of other nuclides is drilling water scenario.
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For low level solid waste containing a variety of artificial radionuclides, the sum of
the ratio of the activity concentration value of each artificial radionuclide to the upper
limit value of their respective activity concentration should not be greater than 1, that is,
it should satisfy Eq. (28):

n∑

i=1

Ci

Cio
≤ 1 (28)

where, Ci is the activity concentration of nuclide i in low level solid waste, Bq/kg; Cio

is the upper limit of activity concentration of nuclide i in low level solid waste, Bq/kg;
n is the number of artificial radionuclides in low level solid waste.

References

1. Derivation of Activity Limits for the Disposal of Radioactive Waste in Near Surface Disposal
Facilities. IAEA-TECDOC-1380. International Atomic Energy Agency, Vienna (2003)

2. National Standard of the People’s Republic of China, GB9132-2018, Safe Requirements for
Near Surface Disposal of Low and Medium Level Radioactive Solid Waste, Beijing (2018)

3. National Standard of the People’s Republic of China, GB18871-2002, Basic Standards for
Protection Against Ionizing Radiation and for the Safety of Radiation Sources, Beijing (2002)

4. China Guangdong Nuclear Power Group Co. Ltd, Yaotian Low and Medium level Radioac-
tive Solid Waste Disposal Site Environmental Impact Assessment (Site Approval Application
Stage), Guangdong (2010)

5. China Nuclear Qingyuan Environmental Technology Engineering Co. Ltd, Feifengshan Low
and Medium level Radioactive Solid Waste Disposal Site Environmental Impact Assessment
(Construction Application Stage), Beijing (2011)

6. Institute of Nuclear Science and Technology Information, Performance Evaluation of Low and
Medium Level Radioactive Waste Disposal and Method for Derivation of Long-Life Nuclide
Content Limit, Beijing (1995)

7. Safety Assessment Methodologies for Near Surface Disposal Facilities, Results of a Co-
ordinated Research Project, vol. 2, Test Cases. International Atomic Energy Agency, Vienna
(2004)

8. Pan, Z., et al.: Assessment of Radiation Environment Quality in China’s Nuclear Industry in
the Past 30 Years. Atomic Energy Press, Beijing (1990)

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.

http://creativecommons.org/licenses/by/4.0/


Evaluation of Uncertainty for Determination
of Trace Uranium in Biology by Laser

Fluorescence Method

Yajie Wang(B), Lufeng Wang, Chuanjiang Dong, Li Li, Mengqi Tang, Weizhong Sun,
and Yao Wu

Sichuan Engineering Laboratory for Nuclear Facilities Decommissioning and Radwaste
Management, The Reactor Operation and Application Research Sub-Institute, Nuclear Power

Institute of China, Chengdu, Sichuan, China
2277055135@qq.com

Abstract. Large amounts of uranium-containing radioactive waste are generated
in reactor operation and in the research and manufacture of nuclear fuel elements.
At present, there are various uranium enrichment and separation methods such as
reduction precipitation method, ion exchange method, solvent extraction method,
membrane filtration method, adsorption method, and microorganism method to
treat the uranium-containing radioactive waste generated in the related processes
of nuclear facilities. However, the airborne effluent or liquid effluent discharged
after treatmentmay still contain radioactive uranium. It is well known that uranium
is a radioactive heavymetal element, and its radioactive and chemical toxicity can-
not be ignored. Uranium in the environment enters the human body through the
food route, and its long half-life can make the human body suffer from continuous
radioactive internal radiation damage. As an environmental medium, organisms
are closely related to the entry of uranium into the human body through food.
Therefore, it is of great significance to carry out accurate measurement of uranium
content in environmental-grade biological samples around nuclear facilities, how-
ever, complete and accurate measurement results include measurement data and
uncertainty. Laser fluorescence method is a method for rapid analysis of uranium
content in environmental samples. It has the advantages of high sensitivity, simple
sample pretreatment, and wide measurement range, which has been widely used
in nuclear industry, environmental monitoring and scientific research. At present,
there is a lack of relevant reports on the uncertainty of the measurement of total
uranium content in environmental-grade biological samples by laser fluorescence
method. It is of great significance to accurately measure the uranium content in
biological samples by evaluating the uncertainty of this method. In this paper,
the WGJ-III trace uranium analyzer was used to analyze the uncertainty source
of total uranium in environmental-grade biological samples by laser fluorescence
method. The uncertainty measurement model was established, the uncertainty
components were quantified, and the expanded uncertainty of the measurement
of total uranium content in environmental biological samples was calculated. The
evaluation results showed that the expanded uncertainty of a 0.05 g environmental
biological sample is 10.8% (k = 2) without dilution, and the dominant uncertainty
component is derived from the measurement uncertainty of sample fluorescence
counting.
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1 Introduction

Large amounts of uranium-containing radioactive waste have been generated in reactor
operation and in the research andmanufacture of nuclear fuel elements. At present, there
are various uranium enrichment and separation methods such as reduction precipitation
method, ion exchange method, solvent extraction method, membrane filtration method,
adsorption method, and microorganism method to treat the uranium-containing radioac-
tive waste generated in the related processes of nuclear facilities. However, the airborne
effluent or liquid effluent discharged from the treatmentmay contain radioactive uranium
[1]. As a radioactive heavy metal element, uranium’s radioactive toxicity and chemical
toxicity cannot be ignored, uranium in the environment enters the human body through
food, and its long half-life can make the human body suffer from continuous radioac-
tive internal radiation damage [2]. As an environmental medium, organisms are closely
related to the entry of uranium into the human body through food. Therefore, it is of great
significance to accuratelymeasure the total uranium content in environmental-grade bio-
logical samples around nuclear facilities, however, complete and accurate measurement
results include measurement data and uncertainty.

The laser fluorescence method is famous for its rapid analysis of uranium content
in environmental samples. It has the advantages of high sensitivity, simple sample pre-
treatment, and wide measurement range, which has been widely used in the nuclear
industry, environmental monitoring and scientific research [3, 4]. As we all know, the
complete measurement result of the sample should contain the measurement result data
and measurement uncertainty, where the measurement uncertainty is used to indicate
the reliability of the measurement result [5, 6]. After investigation, only the uncertainty
evaluation method for the determination of uranium content in water, soil and uranium
ore by laser fluorescence method has been reported, and there is a lack of relevant reports
on the uncertainty of the measurement of total uranium content in environmental-grade
biological samples. The evaluation of the uncertainty of the results obtained from the
samples is of great significance for the accurate measurement of uranium content in
organisms. In view of this, the laser fluorescence method has been used to measure trace
uranium in organisms, and the uncertainty of themethod has been evaluated in this paper.

2 Measurement Method and Measurement Model Analysis

The laser fluorescence method in the standard HJ840-2017 has been referenced to deter-
mine the total uranium content in biological samples in this paper. The determination
principle is roughly as follows: first, the environmental biological samples are converted
into water samples to be tested through pretreatment. Next, measure the fluorescence
counts of the samples in the following order: the water sample to be tested, the water
sample to be tested after adding the fluorescence enhancer, and the water sample to be



Evaluation of Uncertainty for Determination of Trace Uranium 551

tested after adding the uranium standard solution. The fluorescence intensity is propor-
tional to the uranium content, when the uranium content is within a certain range. The
uranium content can be calculated by measuring the fluorescence intensity. The mathe-
matical model for the determination of trace uranium content in biological samples by
laser fluorescence method has been shown in Eq. (1):

A =
(
N1 − N0

N2 − N1
− N ′

1 − N ′
0

N ′
2 − N ′

1

)
× KVMC1V1

V0WY
(1)

where A represent the uranium content in biological samples (µg/kg), N0 represent
the fluorescence intensity without adding uranium fluorescence enhancer, N1 represent
the fluorescence intensity with adding uranium fluorescence enhancer, N2 represent the
fluorescence intensity with adding uranium standard working fluid, N0

′, N1
′ and N2

′
represent the corresponding instrument reading for reagent blank sample, C1 represent
the concentration of uranium standard solution for measuring N2 (µg/kg), V1 represent
the volume of uranium standard solution formeasuringN2 (mL),V represent the constant
volume of dissolved biological sample ash (mL), V0 represent the volume of sample, M
represent the ratio between ash content and fresh content (g/kg), K represent the dilution
ratio of water sample, W represent the ash weight of biological sample, Y represent the
overall recovery (%).

3 Evaluation of Uncertainty

The uncertainty of trace uranium content in organisms consists of the following nine
components:

(1) Uncertainty of repeatability of sample fluorescence intensity measurement (u1rel);
(2) Uncertainty of concentration of uranium standard solution at 1 µg/mL (u2rel);
(3) Uncertainty of volume of uranium standard solution at 1 µg/mL (u3rel);
(4) Uncertainty of constant volume (u4rel);
(5) Uncertainty of sample volume (u5rel);
(6) Uncertainty of overall chemical recovery (u6rel);
(7) Uncertainty of sample quality (u7rel);
(8) Uncertainty of the ash/fresh ratio (u8rel);
(9) Uncertainty of diluted multiples (u9rel);

3.1 Uncertainty of Repeatability of Sample Fluorescence Intensity Measurement
(u1rel)

The uncertainty of repeatability of sample fluorescence intensity measurement comes
from6 aspectswhich include uncertainty of repeatability ofmeasurementwithout adding
fluorescence enhancer u11rel, uncertainty of measurement repeatability with adding fluo-
rescence enhancer u12rel, uncertainty of measurement repeatability with adding uranium
standard solution u13rel, uncertainty of repeatability of blank samples without adding
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fluorescence enhancer u14rel, Uncertainty of measurement repeatability of blank sam-
ples with adding fluorescence enhancer u15rel, Uncertainty of measurement repeatability
of blank samples with adding uranium standard solution u16rel.

Six physical quantities N0, N1, N2, N0
′, N1

′ andN2
′ weremeasured by trace uranium

analyzer, and A class evaluation method was adopted. After pretreatment of a 0.05 g
biological sample and a blank sample, the fluorescence intensity of the six physical
quantitiesmentioned abovewasmeasured repeatedly for 5 times respectively to calculate
the mean value, and the standard deviation of the mean value was calculated by Bessel
equation. The measured readings were shown in Table 1. The calculation equation for
uncertainty is shown in Eq. (2). After calculation, the value of u11rel, u12rel, u13rel, u14rel,
u15rel and u16rel are 2.41%, 1.27%, 1.39%, 2.77%, 2.20% and1.52%, respectively.

u11rel = 1

N

√∑n
i=1 (Ni − N )2

n − 1
(2)

Table 1. Sample measurement results of fluorescence counting

Number of repeated
measurements

Fluorescence count
value N0

Fluorescence count
display value N0

Standard deviation
S0

1 56 54 1.30

2 55

3 54

4 53

5 53

Number of repeated
measurements

Fluorescence count
value N1

Fluorescence count
display value N1

Standard deviation S1

1 67 66 0.84

2 66

3 66

4 65

5 65

Number of repeated
measurements

Fluorescence count
value N2

Fluorescence count
display value N2

Standard deviation S2

1 116 114 1.58

2 115

3 114

4 113

5 112

(continued)
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Table 1. (continued)

Number of repeated
measurements

Fluorescence count
value N0

Fluorescence count
display value N0

Standard deviation
S0

Number of repeated
measurements

Fluorescence count
value N0

′
Fluorescence count

display value N
′
0

Standard deviation
S0 ′

1 63 60 1.67

2 61

3 60

4 59

5 59

Number of repeated
measurements

Fluorescence count
value N1

′
Fluorescence count

display value N
′
1

Standard deviation
S1′

1 61 59 1.30

2 60

3 58

4 58

5 59

Number of repeated
measurements

Fluorescence count
value N2

′
Fluorescence count

display value N
′
2

Standard deviation
S2′

1 121 119 1.82

2 120

3 121

4 118

5 117

The uncertainty of repeatability of sample fluorescence intensity measurement u1rel
is shown as follows:

u1rel =
√
u211rel + u212rel + u213rel + u214rel + u215rel + u216rel = 4.92% (3)

3.2 Uncertainty of Concentration of 1.0 µg/mL Uranium Standard Solution
(u2rel)

The concentration of uranium standard solution added for the determination of fluo-
rescence intensity N2 was 1.0 µg/mL. The solution was prepared by moving 1 mL
100 µg/mL uranium standard solution into a 100 mL volumetric flask with constant
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volume to the scale line through a 1 mL pipette. The concentration of diluted solution
is shown in Eq. (4).

C2 = C1V2

V2
(4)

where C2 is the concentration of the diluted solution (µg/mL), V2 is the volume of the
diluted solution (mL), C1 is the concentration of the solution before dilution (µg/mL),
V1 is the volume of the solution before dilution (mL).

As can be seen from Eq. (4), Uncertainty of 1.0 ug/mL uranium standard solution
concentration u2rel is composed of uncertainty of concentration of 100 µg/mL ura-
nium standard solution u21rel, uncertainty in the sample volume of 100 ug/mL uranium
standard solution u22rel, and uncertainty of diluted solution volume u23rel.

3.2.1 Uncertainty of Concentration of 100 µg/mL Uranium Standard Solution
u21rel

The standard solution uncertainty was evaluated by class B method, and the extended
uncertainty of standard solution was U = 0.2% (k = 2), u21rel = U/k = 0.1%.

3.2.2 Uncertainty of 100 ug/mL Sample Volume of Uranium Standard Solution
u22rel

The uncertainty of 100 ug/mL sample volume of uranium standard solution u22rel is
composed of the uncertainty of pipette accuracy u221rel, the uncertainty of temperature
correction u222rel, the uncertainty of solution removal repeatability u223rel.

(1) Uncertainty of pipette accuracy u221rel
As can be seen from the pipette surface mark, the accuracy of l mL pipette

is 0.02 ml. Assuming rectangular distribution, take the inclusion factor k = √
3

and calculate the uncertainty u221rel of pipette accuracy according to the evaluation
method of class B uncertainty as shown in Eq. (5).

u221rel = U

K
= 0.02mL

1mL × √
3

= 1.15% (5)

(2) Uncertainty of temperature correction u222rel
The temperature of the laboratory varies at ±5 °C, and the liquid volume can

change under the influence of the expansion coefficient. The volumetric expansion
coefficient of water is 2.1 × 10–4 °C−1. Assuming that the distribution of tem-
perature change is rectangular, the calculation of the uncertainty of temperature
calibration u222rel is shown in Eq. (6) according to the evaluation method:

u222rel = 2.1 × 10−4oC−1 × 5oC√
3

× 100% = 0.0606% (6)



Evaluation of Uncertainty for Determination of Trace Uranium 555

(3) Uncertainty of solution removal repeatability u223rel
Sample removal was 1.00 mL, and 1.00 mL distilled water was absorbed with a

1 mL pipette, and weighed with a balance for 20 times. The deviations introduced
by constant volume repeatability were determined experimentally, and the results
were shown in Table 2.

Table 2. 1 mL pipette absorbed 1.00 mL distilled water quality change

Number 1 2 3 4 5

Quality/g 1.0153 1.0112 1.0146 1.0115 1.0122

Number 6 7 8 9 10

Quality/g 1.0150 1.0108 1.0120 1.0190 1.0173

Number 11 12 13 14 15

Quality/g 1.0131 1.0117 1.0096 1.0108 1.0144

Number 16 17 18 19 20

Quality/g 1.0127 1.0134 1.0216 1.0153 1.0117

According to the evaluation method of class A uncertainty, the uncertainty of
constant volume repeatability u233rel is shown in Eq. (7).

u223rel = 1

m

√∑n
i=1 (mi − m)2

n − 1
= 0.30% (7)

Therefore, the synthesis expression of uncertainty of 100 ug/mL sampling
volume of uranium standard solution u22rel is shown in Eq. (8).

u22rel =
√
u2221rel + u2222rel + u2223rel = 1.19% (8)

3.2.3 Uncertainty of Constant Volume of Diluted Solution u23rel

The uncertainty of constant volume of diluted solution u23rel consists of the uncertainty
of volumetric flask accuracy u231rel, the uncertainty of temperature correction u232rel
and the uncertainty of constant volume repeatability u233rel.

(1) Uncertainty of volumetric flask accuracy u231rel
A 100.00 mL volumetric flask with a precision of 0.10 mL was used to volume

the solution to 100.00 mL. Assuming from triangular distribution, the inclusion
factor k = √

6was taken.According to the evaluationmethod of classBuncertainty,
the volumetric flask accuracy uncertainty u231rel was 0.04%.

(2) Uncertainty of temperature correction u232rel
The laboratory temperature varies at ±5 °C, and the calculation method of

uncertainty of temperature correction u232rel is the same as that of temperature
correction uncertainty u222rel in Sect. 3.2.2 is consistent, and u232rel is 0.0606%.



556 Y. Wang et al.

(3) Uncertainty of constant volume repeatability u233rel
The 100.00 mL volumetric bottle was fixed volume with distilled water, and the

net weight of distilled water was weighed by a balance. The number n was 20 times.
The deviation introduced by the constant volume repeatability was determined in
the experiment, and detailed data results were shown in Table 3. According to
the evaluation method of class A uncertainty, the uncertainty of constant volume
repeatability u232rel was 0.15%.

Table 3. Quality change of distilled water in 100 mL volumetric bottle with constant volume

Number 1 2 3 4 5

Quality/g 99.65 99.71 99.79 100.18 100.12

Number 6 7 8 9 10

Quality/g 99.80 100.10 99.83 99.94 99.87

Number 11 12 13 14 15

Quality/g 100.13 99.79 99.91 99.83 99.94

Number 16 17 18 19 20

Quality/g 99.86 99.84 100.13 99.87 99.85

Therefore, the synthesis expression of the uncertainty of constant volume of
diluted solution u23rel is shown in Eq. (9).

u23rel =
√
u2231rel + u2232rel + u2233rel = 0.167% (9)

Overall, the synthesis expression of the Uncertainty of concentration of
1.0 µg/mL uranium standard solution u2rel is shown in Eq. (10).

u2rel =
√
u221rel + u222rel + u223rel = 1.21% (10)

3.3 Uncertainty of 1.0 µg/mL Uranium Standard Solution Volume (u3rel)

The 1.0 pg/mL uranium standard solution was moved by a micro sampler, and u3rel was
composed of the uncertainty of measuring accuracy of micro sampler u31rel, and the
uncertainty of temperature correction u32rel.

3.3.1 Uncertainty of Measurement Accuracy of Micro Sampler u31rel

The accuracy of 10 µL micro sampler is 0.1 µL, assuming the rectangular distribution
is followed, take the inclusion factor k = √

3 in Eq. (11):

u31rel = 0.1µL

5µL × √
3

= 1.15% (11)
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3.3.2 Uncertainty of Temperature Correction u32rel

The temperature of the laboratory varies at±5 °C, and the calculationmethod of the tem-
perature correction uncertainty u32rel is consistent with that of the temperature correction
uncertainty u222rel in Sect. 3.2.2, and the calculated u32rel is 0.0606%.

Overall, the synthesis expression of the Uncertainty of 1.0 µg/mL uranium standard
solution volume u3rel is shown in Eq. (12).

u3rel =
√
u231rel + u232rel = 1.15% (12)

3.4 Uncertainty of Sample Constant Volume (u4rel)

The uncertainty of sample constant volume u4rel was composed of uncertainty of mea-
surement accuracy of volumetric flask u41rel, uncertainty of temperature correction u42rel
and uncertainty of constant volume repeatability u43rel.

3.4.1 Uncertainty of Measurement Accuracy of Volumetric Flask u41rel

A 25.00 mL volumetric bottle with a precision of 0.03 mL was used to keep the volume
from 25.00 mL to 25.00 mL. Assuming from triangular distribution, the inclusion factor
k = √

6 was taken. According to the evaluation method of class B uncertainty, the mea-
surement accuracy uncertainty of the volumetric bottle u41rel was calculated as shown
in Eq. (13):

u41rel = 0.03mL

25mL × √
3

= 0.05% (13)

3.4.2 Uncertainty of Temperature Correction u42rel

The temperature in the laboratory was changing at ±5 °C, and the calculation method
of the uncertainty of temperature correction u42rel was consistent with the uncertainty
of temperature correction u222rel in Sect. 3.2.2. The u42rel calculated was 0.0606%.

3.4.3 Uncertainty of Constant Volume Repeatability u43rel
The 25.00mL volumetric bottle was fixed volumewith distilledwater, and the net weight
of distilled water was weighed by a balance. The number n was 20 times. The deviation
introduced by constant volume repeatability was determined in the experiment, and
detailed data results were shown in Table 4. According to the evaluation method of class
A uncertainty, the uncertainty of constant volume repeatability u43rel was 0.32%.

Overall, the synthesis expression of the uncertainty of sample constant volume u4rel
is shown in Eq. (14).

u4rel =
√
u241rel + u242rel + u243rel = 0.34% (14)
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Table 4. Quality change of distilled water from constant volume to 25.00 mL volumetric flask

Number 1 2 3 4 5

Quality/g 24.95 24.92 25.07 24.89 24.84

Number 6 7 8 9 10

Quality/g 25.03 24.84 25.05 24.99 24.84

Number 11 12 13 14 15

Quality/g 25.06 25.03 24.97 24.98 25.05

Number 16 17 18 19 20

Quality/g 24.88 25.08 24.95 24.98 25.03

3.5 Uncertainty of Sample Volume (u5rel)

The uncertainty of sample volume u5rel is composed the uncertainty of pipette measure-
ment accuracy u51rel, the uncertainty of temperature correction u52rel and the uncertainty
of transport repeatability u53rel.

3.5.1 Uncertainty of Pipette Measurement Accuracy u51rel

The uncertainty of pipette measurement accuracy u51rel can be seen from the pipette
surface mark that the accuracy of 5 mL pipette is 0.03 mL. Assuming rectangular dis-
tribution, take the inclusion factor k = √

3 and calculate the uncertainty u51rel of 5 mL
according to the evaluation method of class B uncertainty as shown in Eq. (15):

u51rel = 0.03mL

5mL × √
3

= 0.35% (15)

3.5.2 Uncertainty of Temperature Correction u52rel

The temperature in the laboratory varies at ±5 °C, and the calculation method of
the uncertainty of temperature correction u52rel is consistent with the uncertainty of
temperature correction in Sect. 3.2.2, and the calculated u52rel is 0.0606%.

3.5.3 Uncertainty of Transport Repeatability u53rel

Sample removal was 5.00 mL, 5.00 mL water sample was absorbed with a 5 mL pipette
and weighed with a balance. The number of times n = 20 was used to determine the
deviation introduced by the removal repeatability. The results were shown in Table 5.

According to class A uncertainty evaluation method, u53rel can be calculated
according to Eq. (16):

u53rel = 1

m

√∑n
i=1 (mi − m)2

n − 1
= 0.581% (16)
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Table 5. 5 mL pipette absorbed 5.00mL water sample quality change

Number 1 2 3 4 5

Quality/g 5.0765 5.0213 5.0036 5.0600 5.0788

Number 6 7 8 9 10

Quality/g 5.0020 5.0550 5.0624 4.9996 4.9849

Number 11 12 13 14 15

Quality/g 5.0723 5.0809 5.0139 5.0449 5.0452

Number 16 17 18 19 20

Quality/g 5.0462 5.0444 5.0525 5.0145 5.0552

Overall, the synthesis expression of the uncertainty of sample volume u5rel is shown
in Eq. (17).

u5rel =
√
u251rel + u252rel + u253rel = 0.681% (17)

3.6 Uncertainty of Weighing Samples is (u6rel)

The uncertainty ofweighing sample size u6rel is composed of the uncertainty ofweighing
accuracy u61rel and uncertainty of quality weighing repeatability of the balance u62rel.

3.6.1 Uncertainty of Weighing Accuracy u61rel

The weighing accuracy of the electronic balance is 0.1 mg. Assuming rectangular dis-
tribution, take the factor k = √

3 and weigh the balance with 0.05 g sample’s weighing
accuracy uncertainty u61rel according to the class B uncertainty evaluation method, and
as shown in Eq. (18):

u61rel = 0.1mg

0.05 g × √
3

= 0.11% (18)

3.6.2 Uncertainty of Quality Weighing Repeatability of the Balance u62rel
According to the method of class A uncertainty, 0.05 g biological samples were found
in measuring bottles and weighed every 10 min, n = 10. Results of weighing biological
samples are shown in Table 6. After calculation, u62rel equal to 0.09%.

Therefore, the synthesis expression of uncertainty of weighing accuracy u6rel is
shown in Eq. (19).

u6rel =
√
u261rel + u262rel = 0.11% (19)
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Table 6. Reproducibility of mass weighing of biological samples

Number 1 2 3 4 5

Quality/g 0.0499 0.0501 0.0492 0.0507 0.0503

Number 6 7 8 9 10

Quality/g 0.0497 0.0495 0.0502 0.0504 0.0503

3.7 Uncertainty of Total Chemical Recovery(u7rel)

Two 0.05 g of the same biological ash samples were weighed, one was added with
0.5 µg/mL uranium standard solution, the other was not added with uranium standard
solution, and the control experiment was conducted. Uranium concentration was mea-
sured after pretreatment of the two samples according to HJ840-2017, and the chemical
recovery Y was calculated according to Eq. (20).

Y = C2 − C1

C0
× 100% (20)

where C2 represent Determination of uranium content in a standard sample (ng), C1
represent Determination of uranium content in blank samples (ng) and C0 represent
Quantity of uranium standard sample (ng).

10 groups of control experiments were repeated (n = 10), and the total chemical
recoveryYof the samebiological ash samplewas obtained for 10 times. The detailed data
were shown in Table 7, so the total chemical recovery uncertainty u7rel was calculated
to be 0.58%.

Table 7. Overall chemical recovery of biological samples

Number 1 2 3 4 5

Overall chemical recovery (%) 90.4 90.4 90.0 89.0 89.8

Number 6 7 8 9 10

Overall chemical recovery (%) 90.0 89.4 90.4 89.2 89.4

3.8 Uncertainty of the Ash/fresh Ratio (u8rel)

The uncertainty of the ash/fresh ratio is mainly caused by mass weighing, which is com-
posed of the uncertainty of freshweighing u81rel and ashweighing u82rel . The uncertainty
of fresh weighing u81rel consists of the uncertainty of fresh weighing accuracy u811rel
and the uncertainty of fresh weighing repeatability u812rel. The uncertainty of ash weigh-
ing u82rel, consists of the uncertainty of ash sample weighing accuracy u821rel and the
uncertainty of ash sample weighing repeatability u822rel.
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3.8.1 Uncertainty of Fresh Weighing u81rel

(1) Uncertainty of fresh weighing accuracy u811rel
According to the test certificate of platform scale, the accuracy of platform scale

can be obtained as s = 50 g, according to rectangular distribution, including factor
k = √

3. The mass of typical fresh sample measured is 4.10 kg, and the mass of
empty bag is 0.10 kg. The calculation of the uncertainty of weighing accuracy of
fresh sample, u811rel, is shown in Eq. (21):

u811rel =
√
2
( s
k

)2
m − m0

= 1.02% (21)

(2) Uncertainty of fresh weighing repeatability u812rel
The evaluation method of class A method was adopted, and fresh samples were

weighed for 10 times. The datawere shown in Table 8. According toBessel formula,
the weighing repeatability of fresh samples u812rel was 0.41%.

Table 8. Results of Fresh sample weighing

Number 1 2 3 4 5

Fresh weighing/kg 4.15 4.12 4.10 4.12 4.10

Number 6 7 8 9 10

Fresh weighing/kg 4.10 4.11 4.14 4.12 4.13

Therefore, the synthesis expression of the uncertainty of fresh weighing U81rel

is shown in Eq. (22).

u81rel =
√
u2811rel + u2812rel = 1.10% (22)

3.8.2 Uncertainty of Ash Weighing u82rel

(1) Uncertainty of ash sample weighing accuracy u821rel
According to the verification certificate, the accuracy of the balance is s =

0.4 mg (k = √
3), the mass of the typical gray sample measured is m = 55.7833 g,

and the mass of the empty plate ism0 = 0.3920 g. The calculation of the uncertainty
of the weighing accuracy of the gray sample u821rel, is shown in Eq. (23):

u812rel =
√
2
( s
k

)2
m − m0

= 0.00059% (23)

(2) Uncertainty of ash sample weighing repeatability u822rel
The evaluation method of class A method was used, and the gray samples were

weighed for 10 times. The data were shown in Table 9. The weighing repeatability
uncertainty u822rel was 0.001% calculated by Bessel equation.
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Table 9. Results of Ash sample weighing

Number 1 2 3 4 5

Ash weighing/g 55.7833 55.7840 55.7839 55.7836 55.7842

Number 6 7 8 9 10

Ash weighing/g 55.7829 55.7827 55.7831 55.7825 55.7831

Therefore, the synthesis expression of uncertainty of ash weighing u82rel is
shown in Eq. (24).

u82rel =
√
u2821rel + u2822rel = 0.001% (24)

Overall, the synthesis expression of uncertainty of the ash/fresh ratio (u8rel) is
shown in Eq. (25).

u8rel =
√
u281rel + u282rel = 1.10% (25)

3.9 Uncertainty of Dilution Ratio (u9rel)

When the concentration of the sample is too high or the sample precipitates after adding
the fluorescence enhancer, it is often necessary to dilute the solution under test.

Sample dilution usually uses pipette to remove a quantitative amount of liquid into
a volumetric flask and then determine volume. The uncertainty of dilution ratio is com-
posed of Uncertainty of sample volume u91rel and the uncertainty of dilute solution
volume u92rel. The uncertainty of sampling volume u91rel was composed of the uncer-
tainty of pipette measurement accuracy u911rel, the uncertainty of pipette temperature
correction u912rel, and the uncertainty of removal repeatability u913rel. The uncertainty
of diluted solution volume u92rel was composed of the uncertainty of volumetric flask
standardmeasurement accuracy u921rel, Uncertainty of volumetric flask temperature cor-
rection u922rel and Uncertainty of constant volume repeatability u923rel. Taking dilution
by a factor of 10.

3.9.1 Uncertainty of Sample Volume u91rel
(1) Uncertainty of pipette measurement accuracy u911rel.

5.00 mL pipette with accuracy of 0.03 mL was used to remove 5.00 mL origi-
nal solution. Assuming rectangular distribution, the inclusion factor k = √

3 was
taken.According to class B uncertainty evaluationmethod, the pipettemeasurement
accuracy uncertainty u911rel was calculated as shown in Eq. (26).

u911rel = 0.03mL

5mL × √
3

= 0.35% (26)
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(2) Uncertainty of pipette temperature correction u912rel
The temperature of the laboratory varies at±5 °C, and the calculationmethod of

the temperature correction uncertainty is consistent with the calculation method of
the temperature correction uncertainty u222rel in Sect. 3.2.2. The calculated u912rel
is 0.0606%.

(3) Uncertainty of removal repeatability u913rel
Sample removal was 5.00 mL, 5.00 mL water sample was absorbed with a

5 mL pipette and weighed with a balance for 20 times. The deviation introduced by
the repeatability of removal was determined experimentally, and the results were
shown in Table 5. According to the evaluation method of class A uncertainty, the
calculated uncertainty u913rel of removal repeatability is 0.581%.

Therefore, the synthesis expression of Uncertainty of sample volume u91rel is
shown in Eq. (27).

u91rel =
√
u2911rel + u2912rel + u2913rel = 0.681% (27)

3.9.2 Uncertainty of Diluted Solution Volume u92rel
(1) Uncertainty of volumetric flask standard measurement accuracy u921rel

A 50 mL volumetric bottle with a precision of 0.05 mL is used from con-
stant volume to scale line, assuming trigonometric distribution is followed, and the
inclusion factor k = √

6 is taken. According to the evaluation method of class B
uncertainty, the measurement accuracy uncertainty of the volumetric bottle u921rel
is calculated as shown in Eq. (28).

u921rel = 0.05mL

50mL × √
6

= 0.04% (28)

(2) Uncertainty of volumetric flask temperature correction u922rel
The temperature of the laboratory varies at ±5 °C, and the calculation method

of the temperature correction uncertainty u922rel is consistent with that of the tem-
perature correction uncertainty u222rel in Sect. 3.2.2, and the calculated u922rel is
0.0606%.

(3) Uncertainty of constant volume repeatability u923rel
Distilled water was used for constant volume of 50.00 mL volumetric bottle,

and the net weight of distilled water was weighed by a balance, n = 20 times. The
deviation introduced by constant volume repeatability was determined experimen-
tally, and the results were shown in Table 10. According to the evaluation method
of class A uncertainty, the uncertainty of constant volume reproducibility u923rel
was 0.21%.

Therefore, the synthesis expression of the uncertainty of diluted solution volume
u92rel is shown in Eq. (29).

u92rel =
√
u2921rel + u2922rel + u2923rel = 0.22% (29)
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Table 10. 50 mL pipette absorbed 50.00 mL water sample quality change

Number 1 2 3 4 5

Quality/g 49.85 49.97 50.10 49.82 49.87

Number 6 7 8 9 10

Quality/g 50.06 50.02 49.84 49.99 49.87

Number 11 12 13 14 15

Quality/g 50.11 49.78 49.92 49.82 50.06

Number 16 17 18 19 20

Quality/g 49.88 50.09 49.86 49.98 49.89

Overall, the synthesis expression of the uncertainty of dilution ratio u9rel is
shown in Eq. (30).

u9rel =
√
u291rel + u292rel = 0.72% (30)

3.10 Total Measurement Uncertainty

Uncertainty variables u1rel, u2rel, u3rel, u4rel, u5rel, u6rel, u7rel, u8rel and u9rel are inde-
pendent and unrelated to each other. The uncertainty information of each is shown in
Table 11. When dilution multiple is not considered, the synthesized uncertainty uAr is
shown in Eq. (31):

uAr =
√
u21rel + u22rel + u23rel + u24rel + u25rel + u26rel + u27rel + u28rel

= 5.39% (31)

When k = 2, the extended uncertainty Ur(A) = 2 × uAr = 10.8%.
When there is dilution process, take dilution of 10 times as an example, and the

resultant uncertainty uAr is shown in Eq. (32).

uAr =
√
u21rel + u22rel + u23rel + u24rel + u25rel + u26rel + u27rel + u28rel + +u29rel

= 5.54% (32)

When k = 2, the extended uncertainty Ur(A) = 2 × uAr = 10.9%.
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Table 11. Uncertainty information table of trace uranium in organisms

Uncertainty component Sources of uncertainty Uncertainty Order of sources

u1rel u11rel 2.40% 4.92% 1

u12rel 1.26%

u13rel 1.39%

u14rel 2.77%

u15rel 2.20%

u16rel 1.52%

u2rel u21rel 0.10% 1.21% 2

u22rel 1.19%

u23rel 0.167%

u3rel u31rel 1.15% 1.15% 3

u32rel 0.0606%

u4rel u41rel 0.04% 0.34% 8

u42rel 0.0606%

u43rel 0.21%

u5rel u51rel 0.35% 0.68% 6

u52rel 0.0606%

u53rel 0.581%

u6rel u61rel 0.11% 0.11% 9

u62rel 0.09%

u7rel u7rel 0.58% 0.58% 7

u8rel u81rel 0.68% 0.72% 5

u82rel 0.22%

u9rel u91rel 1.10% 1.10% 4

u92rel 0.0001%

4 Conclusions

Uranium content in biological samples was determined by laser fluorescence method,
the sources of uncertainty of the method were analyzed, and the uncertainty components
were calculated. The results showed that the uncertainty of the measurement of the total
uranium content of a 0.05 g environmental biological sample is 10.8% (k = 2) under
the condition of no dilution, and the dominant factor is the measurement of the sample
fluorescence count.
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Abstract. Traveling wave reactor (TWR) is an advanced nuclear power system,
which can keep the total amount of fissionable nuclides constant during its lifetime
through the transformation of fissionable nuclides in the reactor, so as to maintain
the stability of the effective proliferation factor of the reactor core. As a coolant,
lead has low neutron moderation ability and capture cross section. At the same
time, it also has excellent thermal characteristics. Lead cooled traveling wave
reactor is a reactor with high inherent safety and good application prospects.
The research on reactor core mainly focuses on the physical calculation of the
reactor, and the analysis of its thermal hydraulic model and characteristics is
relatively scarce, which limits the design and safety analysis of the advanced
reactor. Therefore, it is necessary to investigate the thermal hydraulicmodel of lead
cooled traveling wave reactor. In this paper, a thermal hydraulic model suitable for
the core of lead cooled traveling wave reactor is proposed. Considering the axial
particularity of heat release from the core of traveling wave reactor, the model
considers the axial thermal conductivity of fuel rods ignored by other thermal
hydraulic models. Due to the strong thermal conductivity of core coolant, the
thermal model also considers the heat transfer of fuel assemblies and the flow
distribution of core flow. The research shows that the thermal hydraulic model
is suitable for the analysis of thermal hydraulic characteristics of lead cooled
traveling wave reactor, the thermal hydraulic characteristics are studied by using
the thermal hydraulic model.

Keywords: Traveling wave reactor · Thermal hydraulic · Axial thermal
conductivity · Flow distribution · Heat transfer

1 Introduction

With the increasingly energy shortage and environmental problems, and the large-scale
development of nuclear power is facing challenges such as safety, economy, nuclear
waste treatment and nuclear proliferation prevention, the concept of traveling wave reac-
tor [1] has been put forward internationally. Traveling wave reactor is a self-sustaining
Breed-and-Burn (B&B) reactor. Its basic concept comes from proliferation combustion
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reactor. Its theoretical basis is that the reactor core starts from highly enriched fuel,
the superfluous fast neutrons produced by the fission reaction convert the surrounding
U-238 into Pu-239 (or Th-232 into U-233). When Pu-239 (or U-233) reaches a certain
concentration, a new fission reaction is formed, that is, and the fission reaction generates
superfluous fast neutrons again to realize the proliferation of nuclear fuel. In the process
of proliferation and burning, the traveling wave is continuously moved along the axis
throughout its life.

The coolant liquid metal lead used in lead cooled fast reactor has strong chemi-
cal inertness. Its good thermodynamic properties provide a guarantee for the full heat
removal of the reactor core, which is conducive to the design of the reactor core with
higher power density, and conforms to the characteristics of higher power density in the
combustion zone of traveling wave reactor. At the same time, due to the small moder-
ation and absorption of neutrons by lead, the high neutron economy in the core of lead
cooled fast reactor is conducive to the long-life operation of traveling wave reactor.

In 2006, Sekimoto [2] carried out the research on the core design and safety character-
istics of lead-bismuth cooled traveling wave reactor. The research shows that during the
whole life of the traveling wave reactor, the neutron fluence rate or power in the core can
maintain a stable shape to propagate very slowly, because of this characteristic of trav-
eling wave reactor, Sekimoto calls axial traveling wave reactor as CANDLE. (Constant
Axial shape of Neutral flux nuclide, number identities and power shape During Life of
Energy producing reactor).

In order to better understand andmaster the thermal phenomena of lead cooled travel-
ing wave reactor, it is necessary to develop amore accurate thermal hydraulic calculation
model. Taking the lead cooled traveling wave reactor core as the object, according to
the investigation and investigation of the thermal hydraulic model of the lead based fast
reactor, this paper develops a program suitable for the thermal hydraulic calculation of
the lead cooled traveling wave reactor core, applies the developed thermal program to
carry out the thermal hydraulic analysis of the lead cooled traveling wave reactor, and
studies and analyzes the safety and temperature field distribution characteristics of the
lead cooled traveling wave reactor.

2 Thermal-Hydraulic Model

2.1 Model of Coolant

Due to the closed fuel assembly used in lead cooled traveling wave reactor, the exchange
of coolant momentum and mass between the assemblies is not considered.

In this paper, based on the finite volume method, the mass, momentum and energy
conservation equations of coolant are established, which are solved by axial propulsion
in space and implicit scheme in time.

Mass conservation equation:

∂mt

∂t
=

N∑

i=1

∂mi

∂t
(1)
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In the formula (1), mt refers to the total mass flow of inlet coolant, mi refers to the
mass flow of coolant in the i channel, and N refers to the number of core channels.

Momentum conservation equation:

1

Ai

∂mi

∂t
+ ∂

∂z

(
m2
i

ρA2
i

)
= −∂p

∂z
− ρg

− fm2
i

2deρA2
i

(2)

In the formula (2), Ai is the area of the i channel, ρ is the coolant density, p is the
coolant pressure, f is the friction coefficient, and de is the equivalent diameter of the
channel.

Energy conservation equation:

ρ
∂h

∂t
+ ∂

∂z

(
wih

Ai

)
= q(t) (3)

In the formula (3), q(t) is the heat absorbed by the coolant in the control body. The
first item on the left represents the increment of heat in the control body over time, the
second item represents the heat of coolant flowing in and out of the control body, and
the right item represents the heat absorbed by the coolant.

The core calculation program HANDF [6] and the thermal hydraulic program devel-
oped in this paper are used for code-to-code verification, and the coolant temperature
and fuel temperature of each component are compared. The temperature calculated by
the program in this paper is in good agreement with the calculated value of HANDF,
and the maximum relative deviation is less than 0.5%, which proves that the model of
the program is reliable and stable, and can be used for the thermal hydraulic analysis
and calculation of the reactor core.

2.2 Model of Fuel Rod

For the heat conduction calculation of fuel rod, the circumferential heat conduction is
ignored, and only the radial and axial heat conduction of fuel are considered. For the air
gap and cladding, the thermal resistance model is used. The governing equation of the
two-dimensional heat conduction model is:

ρcp
∂T

∂t
= 1

r

∂

∂r

(
λ · r · ∂T

∂r

)
+

∂

∂z

(
λ · ∂T

∂z

)
+ S

(4)

In the formula (4), ρ is the density of the fuel rod, cp is the heat capacity of the fuel
rod, T is the temperature of the fuel rod, λ is the thermal conductivity of the fuel rod,
and S is the volumetric heat release rate.
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2.3 Model of Flow Distribution

In the fuel assembly pressure drop calculation, the total pressure drop of the channel is
composed of gravity pressure drop, friction pressure drops, acceleration pressure drop
and local pressure drop. Set the boundary condition that the pressure of each channel at
the inlet and outlet is the same. Control equation of flow dynamic distribution:

L

Ai

∂mi

∂t
= (Pin − Pout) −

L∫

0

∂

∂z

m2
i

ρA2
i

dz−

∫ L

0

fm2
i

2deρA2
i

dz −
L∫

0

ρgdz

(5)

In the formula (5), L it is the length of parallel channel, and the first term on the left
represents the inertia pressure drop term, which is the additional pressure drop caused
by the transient change of flow. The formula (5) can be sorted as:

L

Ai

∂mi

∂t
= (Pin − Pout)−

�Pa,i − �Pf ,i − �Pel,i

(6)

In the formula (6), �Pa,i is the acceleration pressure drop in the i channel, �Pf ,i is
the friction pressure drop in the i channel, and �Pel,i is the gravity pressure drop in i
the channel.

The equations (7) are the flow distribution calculation model of parallel channels.
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

L

A1

∂m1

∂t
= (Pin − Pout) − �Pa,1 − �Pf ,1

−�Pel,1

L

A2

∂m2

∂t
= (Pin − Pout) − �Pa,2 − �Pf ,2

−�Pel,2

· · ·
L

Ai

∂mi

∂t
= (Pin − Pout) − �Pa,i − �Pf ,i

−�Pel,i

∂mt

∂t
=

N∑

i=1

∂mi

∂t

(7)

2.4 Model of Heat Transfer Between Assembles

The heat transfer model of thermal program assemblies developed in this paper adopts
multi-layer heat conduction model, and the heat transfer coefficient between the m and
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n assembly of the j layer can be expressed as:

1

Kj
m,n

= δ

kjliq
+ 2t

kjs
+ 1

hjm
+ 1

hjn
(8)

In the formula (8): Kj
m,n is the total heat transfer coefficient between the assembly

m and n in the j layer, δ is the distance between the assembly boxes, kjliq is the thermal
conductivity of the coolant between the boxes, t is the thickness of the assembly box,
kjs is the thermal conductivity of the assembly box, hjm is the convection heat transfer
coefficient between the coolant and the wall of the m assembly box in the j layer.

Considering the calculation efficiency, the core assembly is divided into several
circles. Since the power distribution of assemblies in the same circle is relatively con-
sistent, the heat exchange between assemblies in the same circle is ignored. This paper
only considers the heat exchange between fuel assemblies, not between fuel assemblies
and reflector assemblies.

3 Candle

The research object of this paper is based on the lead cooled traveling wave reactor
[5] designed by Chinese Academy of Sciences. With reference to its core physical
design, thermal hydraulic design and analysis are carried out on this basis. The radial
and arrangement of the reactor core are shown inFig. 1. Table 1 gives the basic parameters
of traveling wave reactor. The fuel is metal fuel, the coolant is liquid metal lead, and the
cladding is made of HT-9 material.

Fig. 1. Core Radial Arrangement

4 Result Analysis

4.1 Axial Heat Transfer

The core of lead cooled traveling wave reactor is divided into new fuel area, main
combustion area and spent fuel area along the axial direction. The core heat is mainly
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Table 1. Reactor Core Parameters

Parameters Design values

Core power 500 MW

Fuel Metal

Coolant Pb

Number of assemblies 217

Height of fuel assembly 2.0 m

Material of cladding HT-9

Number of rods in one assembly 61

Length of breeding zone 1.2 m

Length of start-up zone 0.8 m

Coolant core-inlet temperature 650 K

Coolant core-outlet average
temperature

845 K

generated by the main combustion area. The power density of new fuel area and spent
fuel area is low, and the axial power density difference is great.

Based on the given power distribution, Fig. 2 compares the central temperature and
coolant temperature of various types of fuels. The coolant inlet temperature is 650 K.
Since the axial power distribution of the fuel assembly has been given, that is, the spatial
heat source distribution of the coolant, the temperature change of the coolant in the axial
direction is basically the same. Because the thermal conductivity of oxide fuel is less
than that of nitride, and that of nitride fuel is less than that of metal fuel, the central
temperature of oxide fuel is the highest, which can reach 2350 K, and that of metal fuel
is the lowest under a given power distribution. Due to the low power density in the spent
fuel area (0 < node number < 7), the temperature rise of the coolant in this area is slow.
The power density in the main combustion zone (7 < node number < 14) is high, the
coolant temperature rises rapidly, and the fuel has the highest central temperature in this
zone. The power density of the new fuel area (14 < node number < 20) is almost zero,
and the coolant temperature hardly rises.

Figure 3 compares the calculated temperature difference of fuel rods before and
after considering axial heat conduction for various types of fuels. The influence ratio is
defined as:

�T/T =
(
TAxial_heat_conduction − TNot_axial_heat_conduction

)

TAxial_heat_conduction
(9)

As can be shown in the Fig. 2, the middle section of the fuel rod will transfer heat
to start and end of fuel. Therefore, the fuel temperature in the middle area (7 < node
number < 14) has decreased, and the maximum decrease ratio is 2.6× 10−4. It can be
seen from the Fig. 3 that the metal fuel has a high thermal conductivity, so its axial heat
conduction has a great effect, while the oxide fuel has a small effect on the axial heat
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Fig. 2. Temperature of Fuel and Coolant in the Core

conduction. The axial heat conduction of all types of fuels has a proportion of 10−5 −
10−4 on the temperature distribution.

Fig. 3. Temperature of Various Types of Fuel under the Same Condition

Figure 4 compares the calculated temperature difference of coolant before and after
considering axial heat conduction for various types of fuels. Axial heat transfer of the
fuel rod also has a certain impact on the temperature of the coolant. As the fuel tem-
perature in the spent fuel area (0 < node number < 7) rises slightly under the action of
axial heat conduction, the heat transferred to the coolant there will increase. Therefore,
the coolant temperature in this area rises faster under the consideration of axial heat
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conduction and is higher than the coolant temperature without consideration of axial
heat conduction. However, the fuel temperature in the main combustion zone (7 < node
number < 14) decreases slightly under the action of axial heat conduction, so the heat
transferred to the coolant there will decrease. Therefore, under the consideration of axial
heat conduction, the coolant temperature in this zone rises slowly and is lower than that
without consideration of axial heat conduction. In the new fuel area (14 < node number
< 20), the heat transferred to the coolant there will increase. Therefore, considering
axial heat conduction, the coolant temperature in this area increases rapidly. Due to the
high thermal conductivity of metal, the effect of axial heat conduction is slightly more
obvious than that of other types of fuels. Therefore, the coolant using metal fuel has the
largest temperature difference before and after considering axial heat conduction.

Fig. 4. Temperature of Coolant with Various Types of Fuel

The difference of fuel temperature and coolant temperature between considering
axial heat conduction and not is about 10−5 − 10−4, which has little impact on the
thermal hydraulic calculation of the core. This study shows that its influence on the
temperature distribution of fuel rod is very limited, and the influence of axial thermal
conductivity can be ignored to a certain extent.

4.2 Flow Distribution

In order to further analyze the core flow distribution characteristics, a group of rep-
resentative assemblies are selected along the core diagonal for research and analysis.
Figure 1 has 14 assemblies from 186 to 162 along the diagonal, corresponding to the
serial numbers from 1 to 14.

In this paper, the normalized flow is introduced, which is defined as the ratio of the
inlet flow of each assembly in the core to the average inlet flow of the core assembly.
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Fig. 5. Power distribution and flow distribution

Figure 5 shows the radial distribution curve of core power and the flow distribution
of each assembly before and after considering flow distribution. It can be seen from the
Fig. 5 that after considering the flow distribution, the flow share of the middle assemblies
of the core will increase to a certain extent. Among them, the power normalization
coefficient of the hottest assembly is 1.37, and its flow normalization coefficient is
1.03. The flow share of core edge assemblies will decrease, and the normalized power
coefficient of the coldest assembly is 0.66, and its flow normalized coefficient is 0.98.
It can be seen that the core has a certain flow distribution capacity, but there are some
limitations, that is, there are “overheating” of high-power assembly and “supercooling”
of low-power assembly in the core.

Figure 6 shows the coolant outlet temperature distribution of assemblies along the
diagonal of the core under rated working conditions. The coolant outlet temperature in
the middle of the core is extremely high, reaching 917 K. The coolant outlet temperature
gradually decreases outward along the radial direction of the core, and the coolant outlet
temperature of the most marginal assembly is 780 K. After considering the flow distri-
bution, the coolant outlet temperature of the assemblies inside the core have decreased
to a certain extent. Among them, the coolant outlet temperature of the intermediate
assemblies in the core has decreased by about 8 K, and the coolant temperature at the
edge of the core has slightly increased. This is because the automatic distribution of the
core flowmakes the intermediate thermal assemblies distribute more coolant flow, while
the edge assemblies distribute less coolant flow, as a result, the coolant temperature of
the core middle assembly decreases and the coolant temperature of the edge assembly
increases.

In order to analyze the core flow distribution characteristics, this paper studies the
influence of the flow channel area of assembly on the core flow distribution capacity.
In order to evaluate the mismatch between the core flow and power, the non-uniformity
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Fig. 6. Coolant temperature in the core outlet

coefficient is introduced, and its formula is defined as:

M = 1

N

N∑

1

∣∣∣∣
fi,power
fi,flow

− 1

∣∣∣∣ (10)

N is the number of assemblies, fi,power is the power factor of the i assembly, fi,flow is
the flow factor of the i assembly.

Fig. 7. Relation Curve Between Non-Uniformity Coefficient and �T
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Figure 7 shows the non-uniformity coefficient under different inlet and outlet tem-
perature differences of the core. The inlet and outlet temperature of the core is changed
by adjusting the total inlet flow of the core. When the inlet and outlet temperature dif-
ference increases, the power flow non-uniformity coefficient will decrease to a certain
extent. When the inlet and outlet temperature difference of the core is small, as shown in
the Fig. 7, the minimum temperature difference is 38 K, the non-uniformity coefficient is
0.209. When the temperature difference between the inlet and outlet of the core is large,
as shown in the Fig. 8, themaximum temperature difference is 364K, the non-uniformity
coefficient is 0.201. This is because when the average inlet and outlet temperature dif-
ference of the core increases, the coolant temperature difference and density difference
between the hot and cold assemblies will increase, that is, the driving force for automatic
flow regulation is increased, and the flow distribution of the core is more suitable for the
power distribution of the core.

4.3 Assembly Heat Transfer

Thedistributionof coreflow is not considered in this subsection, and the basic assumption
is that the coolant flow of each fuel assembly is consistent. Considering the symmetry
of the core, a quarter of the core is taken as the research object. There are 7 layers of fuel
assemblies in the radial direction of the reactor core. Selects 0, 12, 30, 54, 84, 120 and 162
assemblies in Fig. 1 as the research objects, which respectively correspond to No. 1–7
in the Fig. 8. Figure 8 compares the coolant outlet temperatures of the above assemblies
before and after the assemblies’ heat exchange is considered. After considering the
heat exchange, the coolant temperature in the hot channel decreases from 918.69 K to
916.01 K, decreases by 2.68 K, increases from 778.31 K to 787.25 K, increases by
8.94 K, and the maximum coolant temperature difference at the channel outlet decreases
by 11.62 K. However, the influence of assembly heat transfer on the coolant temperature
distribution is limited.

Figure 9 shows the three-dimensional distribution of the heat flux transferred between
the core assemblies. Considering the symmetry of the core, a quarter of the core is taken
as the research object. It can be seen from the Fig. 9 that in the radial direction, the
heat exchange power of the assemblies in the middle area of the core is small, and the
heat exchange power gradually increases along the radial direction. This is because the
difference between the normalized power of adjacent assemblies inside the core is small,
so the coolant temperature difference between adjacent assemblies in this area is small,
so the heat exchange power between assemblies inside the core is small. The power
density of heat transfer between core edge assemblies is large, and the heat flux density
at the radial edge is about 4–5 times that in the middle region.
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Fig. 8. Coolant Outlet Temperature Between Heat Transfer and Not Heat Transfer

Fig. 9. C Three-Dimensional Distribution of Heat Transfer Power

5 Conclusion

Thermal-hydraulic program is developed in this paper. The thermal hydraulic program
developed is used to calculate the core thermal characteristics of lead cooled traveling
wave reactor. The research results show that:

1) The influence of axial heat conduction on fuel temperature and coolant tempera-
ture distribution is compared and analyzed by using the calculation program. The
calculated axial thermal conductivity is about 10−5 − 10−4, so its influence on the
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temperature distribution of fuel rod is very limited, and the influence of axial thermal
conductivity can be ignored.

2) The developed thermal hydraulic program is used to study the flow distribution
characteristics of thewhole reactor core. The calculation results show that the reactor
core has capacity of automatic flow distribution. At the same time, this paper studies
the influence of inlet and outlet temperature difference on the core flow distribution
capacity.When the inlet andoutlet temperature difference of the core is large, the core
has a large flow automatic distribution capacity. However, there is still a mismatch
between the normalized flow and the normalized power of the core, that is, it is
necessary to optimize the core flow distribution in the future.

3) The program was used to carry out the heat exchange calculation of the whole
core assemblies. After considering the assembly heat exchange, the temperature
difference at the coolant outlet between each channel decreased, from 140.38 K to
128.76 K, the change was relatively small. This is because the heat resistance of
heat exchange between assemblies is large, and the coolant temperature difference
in adjacent assemblies is not very significant. Therefore, the assembly heat exchange
capacity is weak under this working condition.
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Abstract. Airborne γ-ray energy spectrum measurement is an effective method
for radioactive mineral investigation and radiation environment monitoring. In
recent years, with the gradual maturity of Unmanaged air vehicle (hereinafter
referred to as UAV) technology, UAV airborne geophysical survey technology is
becoming a hot research field. But the UAV has less load and space and is diffi-
cult to carry traditional aeronautical geophysical equipment. The miniaturization,
intelligentization and automation of airborne geophysical survey instruments are
the key technologies of airborne geophysical survey for UAVs. The γ-ray energy
spectrummeasurement system is designed suitable for UAV platform with load in
the range of 30–180 kg, at the same time, the data acquisition control and remote
monitoring software is developed. The calibration of the system is completed on
the Shijiazhuang airborne standard model and Huangbizhuang dynamic belt, and
the calibration parameters are obtained, the resolution of the crystal is better than
8.5%, and the peak drift is better than ±1, the sampling frequency of energy spec-
trum data is 1 Hz. Based on SY-120H and CH-3 UAV platforms, test flights were
carried out in Karamay, Xinjiang and Erlianhot, Inner Mongolia, respectively, to
find out the distribution of radioactive field in the test area and quickly delineate
the specific location and range of the radioactive anomaly. The test results show
that: UAV aviation γ The results of K, U and Th content measured by energy
spectrum are basically consistent with those measured on the ground, which can
provide a fast and efficient exploration technology and equipment for radioactive
mineral investigation and radiation environment monitoring.

Keywords: UAV · γ-ray energy spectrum · survey system · design

1 Introduction

Airborne geophysical survey is a fast, economic and effective geophysical exploration
method. In 1955, the nuclear industry department carried out aerial radioactivity mea-
surement in Hunan and Xinjiang for the first time [1], which was mainly used to search
for radioactive mineral resources such as uranium, thorium and potassium. After the
1980s, this method was gradually extended to oil and gas exploration, environmental
radioactive pollution assessment and nuclear emergency aviation monitoring [2–5].
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Airborne geophysical survey mainly takes fixed wing aircraft and helicopters as the
measurement platform. In recent years, with the gradual maturity of UAV technology,
UAV aerial geophysical survey technology that explores UAV carrying aerial geophys-
ical instruments for measurement is rising. After entering the 21st century, there have
been British UAV aeromagnetic measurement system (2003), Dutch aeromagnetic mea-
surement system (2004), FinnishUAV radioactivitymonitoring system (2005), Canadian
UAVaeromagneticmeasurement system (2009), Japanese unmanned helicopter radioac-
tivity measurement system (2012) [6], German mgt-uas (magnetic/Electrical) mea-
surement system (2013), American UAV nuclear radiation detector (2013) Unmanned
aerial geophysical exploration and measurement equipment such as the multi rotor UAV
radioactivity measurement system (2018) of the Russian company came out, and these
systems have carried out application tests in geological exploration, UXO detection,
radiation environment monitoring and other fields [7, 8].

In China, due to the large volume, weight, power consumption and low compatibility
of data acquisition and control system of existing airborne geophysical exploration and
measurement equipment, it is not suitable for UAV load and structural requirements [9].
The Chinese Center for aerial geophysical and remote sensing of land and resources, the
Chinese Academy of Geological Sciences and the Chinese Academy of Sciences carried
out research on the aeromagnetic measurement technology of unmanned aerial vehicles
based on fixed wings or helicopters around 2010. Since 2013, the nuclear industry aerial
survey and Remote Sensing Center has developed ugrs series unmanned aerial vehicles
γ Energy spectrometer, and has carried out test flights and production applications at
home and abroad.

2 System Design

The design and development of measurement system host, detector and measurement
software are completed.

2.1 Development of Measurement System Host

Based on the reinforced computer, the host of the measurement system has developed a
data interface. By optimizing the equipment structure and using low-power devices, the
volume, weight and energy consumption of the system are reduced, and the miniaturiza-
tion of the system is realized. It is mainly used for control, communication, acquisition
of airborne emission/aeromagnetic measurement data, etc. At the same time, it realizes
full duplex communication with the ground control station, sending/receiving data and
instructions. See Table 1 for main technical indicators.



Design and Application of γ-Ray Energy Spectrum Survey System 583

Table 1. Main technical indexes of ugrs system host

Parameter Technical indicators

Input voltage 18–30VDC

Power 70 W

Dimension 240 mm × 195 mm × 76 mm

Weight 5 kg

Working temperature −20 °C–60 °C

2.2 Development of Detector

The detector is aviation γ The core part of the spectrometer is composed of NaI (TL)
crystal scintillator, photomultiplier tube (PMT), digital pulse processor, power supply,
detector box and other parts. See Fig. 1 for the composition block diagram.

The scintillator of the detector adopts about 4.2L cubicNaI (Tl) crystal, with aweight
of about 17 kg. Limited by the load and installation space of theUAVplatform, the system
can carry up to 5 crystals. This test is equipped with 1–3 4.2L NaI(Tl) detectors.

Photomultiplier tube is an important part of scintillation detector. It is a photon
detector with high sensitivity and fast time response. It is composed of photocathode,
input electron optical system, electron multiplier system and anode.

Fig. 1. Composition block diagram of detector

The high-voltage power supply provides 600–1500 V high-voltage power supply
for the photomultiplier tube. The DC-DC module is used to design the high-voltage
power supply control circuit. Each detector is composed of independent NaI (Tl) crystal,
photomultiplier tube (PMT), digital pulsemultichannel analyzer and high-voltage power
supply.
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2.3 Measurement Software Development

Data acquisition and control software and remote operation monitoring software are
designed and developed.

2.3.1 Data Acquisition Control Software

Data acquisition and control software is used to collect and record measurement data in
real time, and transmit instructions and datawith groundmonitoring software. The actual
operation interface is shown in Fig. 2. The current interface displays eight parameters,
including TC, K, u, th, RALT, balt, Galt and unmag.

Fig. 2. Interface of data acquisition and control software

2.3.2 UAV Remote Operation Monitoring Software

With the help of the data flow of UAV Ground Control Station, the monitoring software
compiles the control command set and data decoding, and realizes the real-time mon-
itoring and control function of the aerial survey instrument by sending commands and
receiving data. See Fig. 3 for the composition block diagram of the monitoring system
(Table 2).

Fig. 3. Composition block diagram of ground monitoring and remote control system
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2.3.3 Technical Indicators

Table 2. Main performance indexes of ugrs-10 airborne gamma spectrometry measurement
system

Parameter Technical indicators

Crystal detector volume 2–4.2L

Energy resolution CsI:10%; NaI(Tl):8.5% (@137Cs 0.662 meV)

Energy spectrum peak drift better than ±1 (@208Tl 2.615 meV)

Channels 256/1024

Energy range 0.2–3 meV, cosmic rays: 3–6 meV

Sampling frequency 1 Hz

Communication mode Ethernet, RS232

Power supply +28DCV

Data storage Electronic hard disk storage

Stability ≥8 h

Working temperature −20 °C–50 °C

3 Application

3.1 Measurement Test of Fixed Wing UAV

From 2013 to 2015, the ugrs unmanned aerial geophysical exploration and measurement
system completed 9721 km of flight test, pilot production and application demonstration
measurement in China, with a total of 42 flights [14]. The magnetic dynamic noise level
of the system is better than 0.08nt, the total accuracy of aeromagnetic is better than
1.80 NT, the energy resolution is better than 9.5%, and the peak drift is better than ±1
channel; The endurance capacity of the system is more than 1200 km, the yaw distance
is better than ±10 m, and the average operating flight altitude is about 120 m (it can fly
along the topographic relief), all of which meet the design indicators. See Fig. 4 for the
results of airborne geophysical and magnetic emission measurement.

By comparing and analyzing the aerial measurement results of UAV, the ground
inspection results and the comprehensive survey results of aerial survey and remote
sensing in 2007 (see Table 3), the data show that the system has good stability and
reliability in the operation of the survey area, has achieved the effect of application
demonstration, and has the foundation of popularization and application.

3.2 Rotor UAV Measurement

Two aeronautical radiation anomalies in Inner Mongolia Autonomous Region were
selected as the test area to carry out the test flight. The survey line flight was 51.4 km,
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Fig. 4. Aeromagnetic (left) and airborne radiometer (right) measurement results

Table 3. Comparison and statistics of measurement results

Measurement result K (%) U (μg/g) Th (μg/g)

UAV measurement results 1.66 3.31 9.57

Ground measurement results 1.80 2.97 10.94

Measurement results in 2007 1.70 2.95 9.50

the average flight altitude was 49.7 m, the average flight speed was 27.57 km/h, and the
data sampling rate was 1 Hz.

According to the projection coordinates, K, u, th contents and TC of the navigation
and positioning data of UAV aerial measurement in the abnormal area, the minimum
curvature method is used to grid the data, and the UAV aerial measurement TC isograms
and K, u, th contents isograms are obtained. Among them, the hf-09 TC contour map is
shown in Fig. 5 (a). In this abnormal area, the high value of u content ismainly distributed
in the northeast and southwest, with 5 × 10–6 and 10 × 10–6 delineate the abnormal
area for the boundary value (see Fig. 5 (b)).

Fig. 5. (a) Tc contour map of UAV airborne radio (HF-09) (b) U abnormal range delineated
(HF-09).

Pilotless aircraft aviation γ The energy spectrum measurement results are compared
with the ground measurement results, as shown in Table 4:
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Table 4. Data statistics of the same range measured by line 8040 UAV and ground

Measurement method Data volume TC(Ur) K(%) U(10–6) Th(10–6)

Ground survey 14 15.5 2.6 3.1 7.7

UAV measurement 82 16.4 2.9 3.8 10.4

Relative deviation (%) / 5.8 10.6 23.5 34.4

4 Conclusions

(1) The ugrs UAV airborne geophysical (magnetic/radio) measurement system is inde-
pendently developed. Through the application test of 9721 km in different regions
in China and the production of 80000 km of survey lines in Africa, it is confirmed
that the instrument has stable working performance and good working condition,
and meets the design index.

(2) UAV aerial survey effectively complements the regional gap that is difficult for
drones to implement, realizes ultra-low altitude terrain follow-up autonomous
survey and night aerial survey, and effectively improves the national airborne
geophysical survey capability.

(3) The test proves that UAV aviation γ Energy spectrum measurement technology
is effective in carrying out anomaly inspection, and can provide a fast and effi-
cient exploration technology equipment for geological exploration and radioactive
environment assessment in areaswhere it is difficult to carry outwork on the ground.
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Abstract. For the release of radioactive waste, the regulatory bodymust establish
or approve operational limits and conditions relating to public exposure, includ-
ing approved discharge limits. The parties concerned must ensure that the release
of radioactive waste and radioactive substances into the environment is managed
in accordance with the instrument of ratification. Discharge authorization pro-
cedures, including the establishment of emission authorizations and emission
allowances, the establishment and use of dose constraints, emission character-
istics, and the circumstances of exposure used in the establishment of emission
allowances, etc., According to the legal requirements of our country, at present, all
units in the nuclear industry that produce and discharge radioactivewaste gases and
liquids into the Environment shall rely on the examination and approval of prior
environmental impact reports or environmental impact assessment documents,
the permit mode of total discharge control for the examination and approval of
the designed nuclide discharge of radioactive waste gas and liquid. At present,
China’s radioactive contamination emissions are not included in the management
of emission permits, nuclear and radiation-related key industries and units are not
included in the “Fixed Source Emission Permits Classified Management Directo-
ry” management. Whether it is feasible to carry out the pollution discharge permit
system in the nuclear and radiation industry of our country, in the theoretical sys-
tem, there are already relevant laws and regulations of our country to guarantee
or can guarantee, however, there are still some problems in the actual operation,
such as insufficient research on radiation environmental quality objectives,further
work is needed to promote the full implementation of the discharge permit system
in the nuclear industry.

Keywords: Radioactive Waste · Discharge · Limit Value · Control Value ·
Permit · License

1 Introduction

The discharge of radioactive waste must be regulated and restricted by the state. Article
41 of my country’s “Radioactive Pollution Prevention and Control Law” stipulates that
units that generate radioactive waste gas and waste liquid discharge into the environ-
ment radioactive waste gas and waste liquid that meet the national standards for the
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prevention and control of radioactive pollution, shall report to the environmental protec-
tion administrative director who has examined and approved the environmental impact
assessment documents. The department applies for the discharge of radionuclides and
regularly reports the discharge measurement results.

In January, China issued regulations on the management of pollution permits, 2021
that enterprises, institutions and other producers and operators under the management of
pollution permits should apply for pollution permits in accordance with the regulations,
no pollutants shall be discharged. According to the factors such as the amount of pol-
lutants produced, the amount of pollutants discharged and the degree of impact on the
environment, etc., the discharge units shall be subject to the classifiedmanagement of dis-
charge permits. However, the nuclear and radiation industries are not explicitly included
in the current “Classified management list of emission permits for fixed sources of pol-
lution”, and there are no specific requirements for emission permits in China’s current
Local ordinance regulations, therefore, the industry has not implemented a licensing
system.

2 Relevant Regulations of Chinese Standards

2.1 GB18871 “Basic Standard for Protection Against Ionizing Radiation
and for the Safety of Radiation Source”

Article 8.6.2 stipulates that radioactive waste liquid shall not be discharged into ordinary
sewers, unless it is confirmed by the review and management department that it is low-
level waste liquid that meets the following conditions, it can be directly discharged into
ordinary sewers with a flow rate greater than 10 times the discharge amount, and Each
discharge should be recorded:

a) The total activity emitted per month does not exceed 10 ALImin (ALImin is the
smaller of the ingestion and inhalation ALI values corresponding to occupational expo-
sure, and the specific value can be obtained according to the provisions of B1.3.4 and
B1.3.5);

b) The activity of each discharge shall not exceed 1 ALImin and shall be flushed with
not less than 3 times the amount of water discharged after each discharge.

2.2 GB6249 “Environmental Radiation Protection Regulations for Nuclear
Power Plants”

Article 6 “Dose constraint value and emission control value in operating state” stipulates
that the effective dose to any individual in the public caused by the radioactive substances
released to the environment from all nuclear power reactors at any site must be less than
the dose constraint value of 0.25 mSv per year.

The operating organization of the nuclear power plant shall formulate the dose man-
agement target values for airborne radioactive effluent and liquid radioactive effluent
respectively according to the dose constraint value approved by the audit and manage-
ment department. The nuclear power plant must implement the control of the total annual
emission of radioactive effluents for each reactor. For a reactor with a thermal power of
3000 MW, the control value is as follows (Tables 1 and 2).
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Table 1. Control values of airborne radioactive effluents

Light water reactors Heavy water reactors

Inert gas 6 * 1014 Bq/a

Iodine 2 * 1010 Bq/a

Particles (half-life > 8 days) 5 * 1010 Bq/a

14C 7 * 1011 Bq/a 1.6 * 1012 Bq/a

3H 1.5 * 1013 Bq/a 4.5 * 1014 Bq/a

Table 2. Control values for liquid radioactive effluents

Light water reactors Heavy water reactors

3H 7.5 * 1013 Bq/a 3.5 * 1014 Bq/a

14C 1.5 * 1011 Bq/a 2.0 * 1011 Bq/a
(Except 3H)Other nuclides 5.0 * 1010 Bq/a

3 Radioactive Waste Discharge Permits in China

At present, the discharge of radioactive pollutants in my country has not been included in
themanagement of pollutant discharge permits for the time being, and relevant key indus-
tries and units have not been included in the “List of Fixed Pollution Source Pollutant
Discharge Permit Classification Management” management.

According to the requirements of the Pollution Discharge Law, at present, all units in
my country that generate and discharge radioactive waste gas and waste liquid into the
environment implement a permit system based on construction permits, safety permits,
mining permits, etc., with pre-environmental impact reports or environmental impact
assessment documents. Based on the approval of radioactive waste gas and waste liquid,
the total emission control permit mode is approved for the design of radioactive waste
gas and waste liquid emission.

When submitting an environmental impact report to the ecological environment
department, the unit producing radioactive waste gas and liquid should also submit an
application for the estimated discharge of radioactive waste gas and waste liquid, includ-
ing determining the characteristics and activities of the radionuclides to be discharged
and possible discharges where and how, and the exposure doses to key populations of
the public that may be caused by the planned discharge. According to the discharge
situation of other facilities in the area where the emission unit is located, the ecological
environment department will allocate a certain emission share to the unit according to the
public dose limit standard. The approved emission limits for nuclear power plants and
research reactors must be included in the operating limits and conditions. The nuclear
technology utilization unit generally adopt emission and clean decontamination models
that conform to national standards, while uranium mines adopt emission limits for cor-
responding nuclides based on environmental standards, and associated mines currently
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do not have relevant standards, the corresponding limits of national sewage discharge
standards can be used.

A nuclear power plant unit is a million kilowatt-class pressurized water reactor
nuclear power unit. According to the approval of the original Ministry of Environmental
Protection “Approval of the Environmental Impact Report of a Nuclear Power Plant
(Operation Stage)” and other documents, as well as the monitoring of the effluent of the
nuclear power plant, the annual emission control value and actual value of the radioactive
effluent of the unit in a certain year as follows (Table 3):

Table 3. Annual emission control value and actual value of radioactive effluents from 1/2 unit of
a nuclear power plant

6249 control
value (single
unit)

A nuclear
power plant
(1/2 units
control value)

A nuclear power
plant (1/2 units
actual value)

Proportion

Airborne
effluent

Inert gas 6.00E+14 1.37E+14 4.54E+11 0.33%

Iodine 2.00E+10 1.18E+09 1.15E+07 0.97%

Particles 5.00E+10 1.31E+08 1.56E+06 1.19%

14C 7.00E+11 7.81E+11 3.00E+11 38.38%

3H 1.50E+13 9.90E+12 7.38E+11 7.46%

Liquid
effluent

3H 7.50E+13 9.90E+13 4.58E+13 46.27%

14C 1.50E+11 5.87E+10 5.87E+09 9.99%

Other nuclides 5.00E+10 5.56E+10 6.16E+08 1.11%

Total
concentration

1000Bq/L 900Bq/L (all) 180Bq/L –

Dose 0.25 mSv
(all units)

0.000452 mSv
(all units)

0.18%

The annual emissions of Airborne Carbon 14 and liquid tritium were higher than the
annual control value, and the emissions of other airborne and liquid radioactive effluents
were far lower than the annual control value. The annual maximum individual effective
dose of effluents released to the public was 4.52 * 10–7 Sv, and the residents receiving
the maximum individual dose were adults within 1–2 km north-northeast (NNE) of the
plant site, about 0.18% of the dose-limiting value of 0.25 mSv/a.

For radioactive contamination, the monthly and quarterly monitoring results of the
water samples near the outfall comply with the first-class Standard in Table 4 of the
comprehensive wastewater discharge standard (GB8978-1996), and there is no obvi-
ous change compared with the outfall. Monthly monitoring and analysis items include
dissolved oxygen, residual chlorine, conductivity, Ph value, hexavalent chromium, total
chromium, orthophosphate, hydrazine. Quarterly monitoring items include Boron, iron,
anions, sulphates, lithium, sodium, nickel and oils.
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Table 4. Annual emission control value and actual value of radioactive effluents from 3/4 unit of
a nuclear power plant

6249 control
value (single
unit)

A nuclear
power plant
(3/4 units
control value)

A nuclear
power plant
(3/4 units
actual value)

Proportion

Airborne
effluent

Inert gas 6.00E+14 9.11E+13 7.04E+11 0.77%

Iodine 2.00E+10 6.45E+08 4.95E+06 0.77%

Particles 5.00E+10 7.14E+07 1.00E+06 1.40%

14C 7.00E+11 7.65E+11 2.31E+11 30.18%

3H 1.50E+13 5.63E+12 4.98E+11 8.85%

Liquid
effluent

3H 7.50E+13 6.30E+13 3.28E+13 52.11%

14C 1.50E+11 5.62E+10 5.46E+09 9.72%

Other nuclides 5.00E+10 4.00E+10 7.24E+08 1.81%

3.1 Nuclear Technology Utilization Units

My country’s nuclear technology utilization units basically have very few waste gas
emissions, and the amount is also very small. The main radioactive pollutants in the
management of pollutant discharge licenses aremainly concentrated inwaste liquids, and
in various industries, waste liquid discharges are mainly medical-related units. Although
there aremany types of radionuclides used inmedical institutions,most of themare of low
toxicity and short half-life. However, in the investigation and research on the application
status of nuclear medicine projects in Guangdong Province, it was found that the total
β of the wastewater at the outlet of the decay pool of the hospital with a large amount
of iodine-131 was greater than the “Water Pollutant Discharge Standard for Medical
Institutions” (GB18466-2005) the specified emission limits.

3.2 Associated Minerals

At present,my country has no associated radioactivemine radiation environmental safety
standard guidelines and associated mine development and utilization project effluent
discharge limit. From the actual discharge situation, the discharge concentration of
wastewater may be higher than the relevant limit in the “Integrated Wastewater Dis-
charge Standard” (GB8978-1996), and the radon concentration in some places will also
be higher than the limit, but the resulting dose is basically low The public individual
effective dose limit for the development and utilization of mineral resources is 1 mSv/a.

3.3 Situation Analysis

After investigation, various local provinces in my country have carried out relevant
explorations in the implementation of the radioactive pollutant discharge permit system.
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Article 18 of the “Administrative Measures for the Prevention and Control of Radioac-
tive Pollution in Sichuan Province” promulgated by Sichuan Province in 1999 stipulates:
“Any unit that discharges radioactive waste water and waste gas into the environment
must bemonitored by a statutorymonitoring agency; It is prohibited to discharge radioac-
tive waste water and waste gas into the environment without a pollution discharge permit
or beyond the regulations of the pollution discharge permit.” But this method has been
abolished at present, and there is no such relatedness in the newly issued Regulations on
the Prevention and Control of Radiation Pollution in Sichuan Province in 2016. Regu-
lation. At present, radioactive pollutant discharge permits have also been set up in the
ecological environment examination and approval of Shandong and other provinces, but
there has been zero application status.

Whether it is feasible to implement a pollutant discharge permit system in my coun-
try’s nuclear and radiation industry, in terms of theoretical system, there are relevant laws
and regulations in my country to guarantee or can be guaranteed, but in terms of practical
operation, there are problems such as insufficient research on radiation environmental
quality objectives.

The ultimate purpose of the implementation of the pollutant discharge permit system
is to reduce the discharge of pollutants, thereby improving the quality of the environment.
However, in the nuclear and radiation industry, there is a lack of relevant standards and
research on how to link the allowable amount of radioactive pollutant discharge with
environmental quality goals.

According to the pollution discharge permit management regulations, threemodes of
management are stipulated according to factors such as pollutant generation, discharge,
and degree of impact on the environment, which are divided into key management, sim-
plified management and registration management. The corresponding degree of envi-
ronmental impact is divided into three categories. In the nuclear and radiation industry,
it is generally based on the natural background, and the 1mSv equivalent dose limit for
humans is used to control the effluent discharge of relevant units, but when it comes
to the degree of environmental impact It is difficult to define the size of the industry
and the impact on the ecological environment, which is also a problem that affects the
determination of which mode of supervision the relevant industry should be.

4 Conclusions

In general, the conditions for implementing a pollutant discharge permit system in accor-
dance with the requirements of the pollutant discharge permit regulations in my coun-
try’s nuclear and radiation industries are not yet mature. However, in the medical and
associated mining industries where management is relatively weak at present, a pilot
registration management model can be considered, and It is possible to explore more
scientific and reasonable emission standards and management models based on prac-
tice, laying the foundation for the comprehensive implementation of the emission permit
system in the nuclear and radiation industry. At the same time, it is recommended to
establish a radiation environment quality index system, improve the standard system, and
strengthen the building of monitoring capabilities and professional supervision teams.
Carry out research on the relationship between the discharge of radioactive pollutants
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and environmental quality objectives, to provide sufficient theoretical basis for the imple-
mentation of key management, simplified management, and registration management of
pollutant discharge permits, and to achieve the goal of improving environmental quality
and ensuring the health of personnel with pollutant discharge permits.
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Abstract. Excessive gamma-rays will be emitted when a nuclear power plant is
under the refueling overhaul, leading to a certain number of hotspots. To meet
the shielding requirements of these hotspots of complex components, a nylon-
tungsten shielding composite material was developed by laser selective sintering
3Dprinting technology.The effects to shielding performance of 3Dprinting shield-
ing materials were emphatically studied for two preparation processes (including
mechanical mixing method and coating method) of 3D printing composite pow-
ders. Experimental results show that the nylon-tungsten shielding compositemate-
rial with tungsten content of 70–85% was obtained by 3D printing technology,
which realizes the manufacture of mold-free customized and bonded shielding
materials. The shielding material prepared by 3D printing technology by coating
method is better than that bymechanical mixingmethod in shielding performance.
When the mass ratio of tungsten powders is 80%, the linear attenuation coeffi-
cient can reach 0.32, which is the best formula of the composite material and can
be used for shielding of complex components. All these results lay a theoretical
foundation for the engineering application of 3D printing shielding materials.

Keywords: 3D printing · Shielding materials · Performance study

1 Introduction

During the operation of a PWRnuclear power plant, many radiation hotspots may appear
on different operating pipelines and equipments in the control area. Therefore, it is
necessary to adopt certain radiation shielding measures to reduce the external dose for
working staff near the radiation hotspots.

At present, it is common to use sheet lead or lead apron for radiation shielding in
the domestic nuclear power plants [1, 2], but there are many problems for this shielding
way. Sheet lead is messy and difficult to clean. Sheet lead and lead apron are soft,
which is easy to cause deformation and affect the stability of radiation protection. This
shielding method does not meet the seismic performance requirements of nuclear power
plants, and hinders the operation andmaintenance of instruments and valves. In addition,
most of the wrapped shielding sheet lead and lead apron need to be removed when the
refueling overhaul is finished for the nuclear power plant. Repeating installations and
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removals not only consumes a lot of sheet lead and lead apron, but also causes high dose
on the working staff. According to the management requirements of the control area of
nuclear power plants, it is necessary to develop a new shielding compositematerial which
is customized and completely fitting with the component, and innovate the traditional
shielding mode of nuclear power plants.

At present, researchon the new typeof shieldingmaterials has arousedmore andmore
attention. Shin et al. [3] developed a BN/high-density polyethylene composite material
with good neutron shielding performance; A kind of rubber-based flexible shielding
materials has been developed by British ITWCompany for radiation shielding in nuclear
industry and the nondestructive testing field, which has been applied in the Size-well B
nuclear power plant in Britain; Fu Ming et al. [4] developed a flexible shielding material
with styrene butadiene rubber (SBR) for matrix; Zhuo Mingchuan et al. prepared PA6-
tungsten shielding composites with different densities by melt extrusion method [5];
Ahmed et al. Studied the gamma-ray shielding characteristics of tungsten-silicone rubber
composites, which can be used as manufacturing materials for protective clothing such
as gloves and jackets [6]; Samantha et al. used 3D printing technology to prepare resin-
based neutron and gamma-ray shielding materials, of which the content of functional
filler Bi can reach 40% or the content of 10B can reach 60% [7].

It is complex and diverse for equipment structure at radiation hotspots in nuclear
power plants. Radiation protection composite materials based on polymer materials
are generally produced by injection molding or compression molding. There are many
disadvantages for preparing shielding materials with complex structures by traditional
manufacturing method, such as a long manufacturing cycle, high mold cost, low mold
utilization rate and easy to cause leadpollution.Therefore, it is necessary to develop anew
gamma-ray shielding composite material based on advanced manufacturing technology,
in order to meet the requirements of customized coated shielding materials for complex
equipments in nuclear power plants.

3D printing technology is an additive manufacturing technology, which was born
in 1980s. With this technology, rapid and free molding can be realized, and polymer
materials with complex structure can be manufactured conveniently, quickly and at low
cost. In this paper, a new type of nylon-tungsten shielding compositematerials is prepared
by 3D printing technology, in which thermoplastic nylon is used as matrix material, and
tungsten is used as functional filler. Through the research of powder mixing process and
shielding performance, the bestmaterial formula is obtained, and the shielding protection
problem of complex components in nuclear power site is solved effectively.

2 3D Printing Radiation Protection Material Design

3D printing is a new type of additive manufacturing technologies compared with the cur-
rent traditionalmanufacturing technologies (such as turning,milling, planning, grinding,
etc.). This technology is a rapid manufacturing technology by which materials can be
fusioned in one-time. Based on digital model files, it uses powdery metal or plastic
and other bindable materials to construct three-dimensional objects by printing layer by
layer and superimposing different shapes [8]. Compared with traditional manufacturing
process, 3D printing has some advantages as followed: (1) Rapid free forming without
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mold; (2) Short manufacturing cycle and low cost; (3) near net shape and even net shape
of complex structure; (4) Full digitalization; (5) multi-materials arbitrary composite
manufacturing.

At present, the most widely used radiation protection materials are those containing
the elements with high atomic numbers such as lead and tungsten. Lead is toxic and has
a “Pb weak absorption zone” for rays with energy between 40–88 keV, which is easy
to produce secondary bremsstrahlung radiation. In addition, lead has poor structural
strength and is not resistant to high temperature. It is commonly used as lead containers,
movable screens, lead bricks, etc. Tungsten has high density and atomic number. As an
ideal shielding material, it has many advantages, such as good ray shielding effect and
no secondary electron radiation produced [9]. It is an environmentally friendly radiation
protection material with the strong ability of ray protection. However, tungsten has the
characteristics of highmelting temperature, high strength, poor plasticity and toughness,
so it is difficult to process it into parts with complex shapes. Nylon is one of the engi-
neering materials with the characteristics of excellent mechanical properties, low cost,
easy processing and widely used, especially commonly used as one kind of 3D print-
ing materials. It is a practical and effective way to solve the above problems by using
nylon powders as substrate and the filler of tungsten powders to prepare nylon-tungsten
composite products with complex shapes, which is based on 3D printing technology.
Nylon-tungsten composites belong to the environmentally friendly materials. It is par-
ticularly important that the parts with complex shapes, which are difficult to be formed
with pure tungsten, can be easily produced by using 3D printing technology with nylon-
tungsten composites. Based on the above analysis, a new nylon-tungsten gamma-ray
shielding composite was prepared by using 3D printing technology with thermoplastic
nylon as the matrix and tungsten powders as the functional filler, which can meet the
customized shielding requirements of the complex components in the control area of
nuclear power plant.

3 Materials and Method

3.1 Raw Materials and Forming Process

The median particle size of tungsten particles with 99.99% pure is 15–20 μm, while the
median particle size of nylon powders is 50–55 μm.

Composite materials are composed of polymer materials and metal materials. 3D
printing technology that can both print nonmetallic materials andmetal materials mainly
includes fused deposition modeling (FDM), stereo lithography apparatus (SLA) and
selective laser sintering (SLS). Table 1 shows the comparison of three process types of 3D
printing technology. Compared with SLA and FDM, SLS has the following advantages:
(1) SLS process is applicable to a wide range of materials, and the powder laying process
adopted by SLS process is more suitable for mixedmaterials printing with great different
density such as nylon powder and tungsten powder, which can ensure the dispersion and
distribution of tungsten powder particles in nylon matrix; (2) SLS process is better
than SLA and FDM process in forming precision and forming speed; (3) The SLS
printing environment is generally a sealed space with inert gases such as argon as the
protective gas. There is no risk of toxic and harmful substances being released during
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the printing process; (4) SLS does not need supporting materials, and is more suitable
for the preparation of complex structural parts. Comprehensively considering material
applicability, precision, forming efficiency and other factors, SLS printing process is
chosen as the best one of the 3D printing process of shielding composite materials.

Table 1. Comparison of Process Types

Process Precision/mm Volume molding
rate/cm3·h−1

Support Applicable
materials

Printing
environment

SLA ±0.1 1000–2000 need Photohardening
resin

seal

FDM ±0.3 500–1000 need Thermoplastics open

SLS ±0.1 2000–3000 no need Thermoplastics,
Low melting point
metal powder,
ceramic powder

Sealing,
protection gas

Figure 1 shows the molding principle of the SLS process of shielding composite
materials. When the laser acts on the mixed powder of nylon and tungsten, the mixed
powder absorbs heat, and its temperature gradually increases. When the temperature
reaches the melting temperature (TR) of nylon powder, the nylon powder changes from
a solid state at room temperature to a liquid viscous flow state. As the temperature
increases, the viscosity of themelt decreases, but its fluidity increases. It is easy to contact
with the surrounding particles of tungsten powders. After cooling, themelt nylon powder
solidifies and binds together. The particles of tungsten powders are uniformly dispersed
in the nylon matrix without any change. The parts of the shielding material which are
molded by laser selective sintering, mainly bond tungsten powder particles together
through the adhesion of nylon. The adhesion value is determined by the cohesion and
adhesion force of liquid nylon. Cohesion force refers to the force between the molecules
of nylon binder itself, that is, the strength of nylon. Adhesion force is the force between
the particles of nylon and tungsten powders, that is, the force of nylon adhering to the
surface of tungsten powders.

Fig. 1. SLS Forming Principle of Shielding Composites Material

Figure 2 shows the process flow of the shielding material prepared by 3D printing.
The specific preparation process is as follows: Firstly, a certain quality of nylon powder
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and tungsten powder are mixed according to the design ratio by the mixing process;
Secondly, the fully mixed nylon and tungsten powders were put into the laser selective
sintering 3D printing equipment. After preheating the mixture and parameter settings,
including laser power, scanning speed, scanning spacing and scanningmode, researchers
input the model size of the printing part, and start printing; Finally, the sample was taken
out for post-treatment. The powder adhered to the sample surface was removed, and
then the sample was polished to make its surface bright, as shown in Fig. 3. During the
preparation of 3D printing composite shielding materials, the batching design, mixing
process and SLS sintering process are the most important factors, which affect the
shielding performance, mechanical properties and forming accuracy of the shielding
material.

Fig. 2. 3D Printing Shielding Material Preparation Process

Fig. 3. 3D Printing Nylon-Tungsten Composite Shielding Material

3.2 Test and Analysis

The gamma shielding performance test of radiation protection composite materials was
conducted with 137Cs (0.662 meV). The radiation decay rate of the sample was tested
by standard device of γ-ray radiation amount (protection level) and dosimeter, according
to GBZT 147-2002.

4 Results and Discussion

4.1 Composite Powder Mixing Process

At present, there are two main methods for preparing composite powders suitable for
SLS printing, including the mechanical mixing method and the film coating method.
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4.1.1 Mechanical Mixing Method

Mechanical mixing method is to mix polymer powders and filler powders mechanically
in the mixer for three-dimensional movement, high speed kneading machine and other
mixing equipments. The tungsten powder and nylon powder with a certain mass ratio
were put into the double-motion mixer and mixed for 30 min. The surface appearance of
the composite powder is shown in Fig. 4 (a). The mechanical mixing method is simple
in process, low in equipment requirements, and economical. However, when the particle
size of filler powders is very small (for example, less than 10 microns), or when the
proportion of the filler powders (for example, metal powders) is much larger than that
of polymer, it is difficult to disperse inorganic filler particles evenly in the polymer
matrix by mechanical mixing method. The powder particles are easy to segregate during
transportation and SLS powder laying, which leads to the existence of non-uniform
distribution of filler particle aggregates in SLS formed parts, resulting in the decrease of
capability of the products.

4.1.2 Film Covering Method

The coating method is to coat the polymer material on the outer surface of the filler
powders to form a kind of composite powders with a polymer coating. The steps of
preparing the shielding composite material powder by the film coating method are as
follows: putting nylon powders, tungsten powders, coupling agent, leveling assistant into
a stainless steel reaction kettle in a certain proportion, sealing and injecting nitrogen for
protection, slowly heating up to about 150 °C, so that nylon powders are completely
dissolved in solvent, then cooling the kettle to room temperature at a certain rate under
vigorous stirring, and solid-liquid separation is carried out to obtain precipitated coated
composite powders. After vacuum drying, crushing and sieving the obtained aggregates,
the composite material containing nylon coated tungsten powders with suitable particle
size distribution can be obtained. The surface appearance of the powder is shown in
Fig. 4(b). In the coated powder, the filler and polymer matrix are mixed evenly without
the segregation phenomenon in the process of transportation and powder spreading.

a) Preparation of powder by 

mechanical mixing 

b) Preparation of powder by film 

coating 

Fig. 4. Nylon-tungsten composite powder

According to the characteristics of the two composite powder mixing processes,
nylon can be coated on the surface of tungsten powders uniformly by coating method.
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The particle size of the nylon is significantly reduced during melting, coating on the
surface of tungsten powder particles to achieve adhesion effect, so that the dispersion of
tungsten powders in nylon matrix is more uniform.

4.2 Shielding Performance Research

4.2.1 Theoretical Shielding Efficiency of Composites

In the study of γ-ray shielding materials, the shielding performance of the materials
was simulated in advance, which facilitated formulation design and adjustment. WPA1,
WPA2, WPA3, WPA4, WPA5 and WPA6 were defined as different proportions of tung-
sten and nylon. The material proportions are listed in Table 2. The simulation of 90%
(mass ratio) of tungsten powder ratio was not carried out because the sample could not
be formed in the machine.

Table 2. Proportions of shielding composite materials

Material type Raw material ratio

WPA1 60%W + 40%PA

WPA2 65%W + 35%PA

WPA3 70%W + 30%PA

WPA4 75%W + 25%PA

WPA5 80%W + 20%PA

WPA6 85%W + 15%PA

The linear attenuation coefficient model of the shielding composites was estab-
lished. The theoretical shielding coefficients of the compositeswere calculated byMCNP
(Monte Carlo N Particle Transport Code) program.MCNP is a general software package
developed by Los Alamos National Laboratory (LANL) based on Monte Carlo method
for computing neutrons, photons, electrons or coupled neutrons, photons, electrons trans-
port problems in complex three-dimensional geometry. It can greatly save research funds
and time by simulating shielding performance of materials with MCNP. The calculation
model is shown in Fig. 5. The source is a unidirectional point source, which is 1m away
from the detection point and 0.46 m away from the material surface. The material size
is 20 cm (length) × 20 cm (width) × 1 cm (thickness). The attenuation of the material
to 137Cs source was simulated, and the source energy was 0.662 meV. The radiation
intensity before and after the material was recorded by F1 card. The linear attenuation
coefficient μ of the composite material was obtained according to the formula (2).

All the test results were converted into linear attenuation coefficients in order to com-
pare the test results of different formulations. The attenuation rate and linear attenuation
coefficient were calculated as follows:

When gamma-rays pass through the shielding material, they will not be completely
absorbed, but attenuated (intensity decreases). The attenuation relationship is shown in
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Fig. 5. Calculation model of linear attenuation coefficients of composite materials

Eq. (1):

Rx = R0e
−µx (1)

where Rx is the dose rate after passing through a certain thickness x of shieldingmaterial;
R0 is the dose rate before shielding;
X is the thickness of the shielding material;
and μ is the linear attenuation coefficient of the shielding material.
Formula (1) is converted to the following Eq. (2):

µ = −
−Ln

(
Rx
R0

)

x
(2)

The simulation values of linear attenuation coefficients of the shielding composites
with different formulas were calculated by formula (2), which are shown in Fig. 6. The
γ-ray shielding performance of composites increases exponentially with the increase
of tungsten powder content. When the proportion of tungsten powders is low (<70%),
the theoretical linear attenuation coefficient of the composite is low. Thus the ingre-
dients with tungsten powder ratio between 70 and 85% were selected for 3D printing
experiment.

4.2.2 Effect of Powder Ratio on Shielding Performance of Composites

According to the simulation results of linear attenuation coefficients of composite mate-
rials in Fig. 6 and combined with the powder mixing process of composite materials,
the sample preparation and testing schemes of different formulas are set in Table 3.
The linear attenuation coefficients of the samples with different formulas are obtained
through shielding performance tests and conversion results by formula (2).

The shielding effect of the samples with different contents of tungsten powders was
tested. The results are shown in Fig. 7: (1) The shielding performance of the composite
is obviously improved when the mass fraction of tungsten powders increases from 70%
to 80%. When the mass fraction of tungsten powders increases from 80% to 85%, the
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Fig. 6. Analog value of linear attenuation coefficients of composites without formula

Table 3. Test values of attenuation coefficients of samples with different formulations

Serial number Tungsten mass
fraction/%

Mixing
method

γ-ray shielding
rate/%

Linear attenuation
coefficient/μ/cm−1

1 70 Coated
mixture

21.7 0.24

2 80 Mechanical
mixing

21.5 0.24

3 80 Coated
mixture

27.6 0.32

4 85 Coated
mixture

25 0.29

shielding performance of the composite decreases. When the mass fraction of tungsten
powders increases from 70% to 80%, the laser selective sintering of composites is in
good condition, and there is no obvious defect in the samples. When the mass fraction of
tungsten powders increases from 80% to 85%, due to the nylon content of the composite
material is only 15%, cracks and warping occur in some areas of the sample during laser
selective sintering, resulting in the final measured shielding performance of the com-
posite material being lower than that of the composite material with the mass fraction
of tungsten powders of 80%. (2) For mechanical mixing process, the linear attenuation
coefficient of tungsten powders with 80% mass fraction is obviously lower than that of
coated tungsten powders with 80% mass fraction. (3) The linear attenuation coefficient
of the sample coated with film is lower than the simulation value of Monte Carlo under
any tungsten powder mass ratio, which shows that there is still much room for improve-
ment in the 3D printing process, and the uniform dispersion of tungsten powders in the
matrix needs further improvement. When using the film covered mixing process, the
best formula is that the mass fraction of tungsten powders and nylon matrix are 80% and
20% respectively.
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Fig. 7. Comparison of shielding capability of 3D printing shielding materials with different
formulas

The main factor affecting the shielding performance of the shielding composite is
the content of tungsten powders in the composite, followed by the dispersion of tungsten
powders in the matrix. According to the above results, the higher the content of tungsten
powders, the better the shielding performance of qualified samples. Under the condition
of same mass fraction, the more uniform the dispersion of tungsten powders in matrix,
the better the shielding performance of the material. The mixing process of composite
powders has a great influence on the dispersion of tungsten powders in matrix.

4.2.3 Effect of Powder Mixing Process on Shielding Performance of Composite
Materials

In order to further explore the reasons for the difference of shielding performance of
samples under the two mixing process conditions, SEM-scan of 3D printing products
of mechanical mixing and coated mixing was carried out, as shown in Fig. 8. It can
be found that the macroscopic fracture surface of mechanical mixture presents obvious
lines, showing typical characteristics of brittle fracture, while the microscopic fracture
presents agglomeration of tungsten powders and only nylon powders in some areas (as
shown in the box area in Fig. 5 (e)); In contrast, the surface of macroscopic fracture is
smooth and the distribution of tungsten powder in the matrix is uniform in microstruc-
ture This also verified the results of the shielding performance experiment, and the
3D printing shielding composite products under the condition of mulching and mixing
technology showed better shielding performance. The composite powder prepared by
coating method has good sintering capability, high bonding strength and high forming
precision, and the shielding composite powder is well coated, and almost no exposed
tungsten powder is found.

The essential attribute of 3D printing radiation protection composite materials lies in
its shielding performance, which is mainly reflected in the mass fraction and dispersion
state of tungsten particles in the composite material. Excellent powder mixing and man-
ufacturing process can ensure the uniform dispersion of tungsten powders in the matrix
under high mass fraction and ensure the shielding performance.
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a) SEM Morphology of Macroscopic 

Fracture of Mechanical Mixture 

b) SEM Morphology of Macroscopic 

Fracture of Coated Mixture 

  

c) SEM morphology of 200 times 

micro-fracture surface of mechanical mixture

d) SEM morphology of 200 times 

micro-fracture surface of coated mixture 

  

e) SEM morphology of 400 times 

micro-fracture surface of mechanical mixture

f) SEM morphology of 400 times 

micro-fracture surface of coated mixture 

Fig. 8. Fracture scan photo
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5 Conclusions

In this paper, a nylon-tungsten gamma-ray shielding composite material was developed
by using laser selective sintering 3D printing technology, and two kinds of 3D printing
composite powders were prepared by mechanical mixing method and coating method,
respectively. The performance of the shieldingmaterialswas studied, and the conclusions
are as follows:

(1) The laser selective sintering 3D printing technology adopting the technology route
of powder spreading is more suitable for the manufacture of customized and
laminated shielding materials for complex components in nuclear power plants;

(2) The coating method is preferred in the mixing process of the powders of the
3D printing shielding material composite. Compared with the mechanical mix-
ing method, the product by the former method has better shielding performance.
Through 400 times SEM scanning micro-fracture morphology, tungsten powders
are still uniformly dispersed in nylon matrix;

(3) By carrying out performance research on different ratios of shielding materials,
the best formula of nylon-tungsten 3D printing shielding materials was obtained.
By shielding performance test, the linear attenuation coefficient of the shielding
material reached 0.32 at 80% of tungsten powder mass ratio, which is the best
formula and can be used for shielding of complex components;

(4) 3D printing technology can conveniently, quickly and low-costly prepare cus-
tomized shielding composite materials to meet the need of special-shaped parts
such as valves, elbows, large and small heads in the control area of nuclear power
plants. This method has practical application value, and is a powerful technical
supplement to the mold manufacturing process.

3D printing shielding composite materials can effectively solve the radiation
protection problem of complex components in the control area of nuclear power
plants. This study lays a theoretical foundation for the engineering application of
3D printing shielding composite materials.
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Abstract. Floating nuclear containment is in a harsher environment than conven-
tional onshore nuclear containment. In view of the Marine environment under the
condition of floating nuclear power plant containment structure safety, combined
water dynamics and structural mechanics, considering the containment response
under random movement of hull in the Marine environment, the influence of the
containment structure load calculation, thus checking containment when working
in pile structure safety, provide theoretical basis for the safe operation of floating
nuclear power plants. In this paper, taking a floating nuclear power plant as an
example, ANSYS 2021R1, Workbench, Fluent and other software of finite ele-
ment analysis are used to conduct fatigue simulation of floating nuclear power
plant. The time course curve of the 6-dof motion of the ship’s center of gravity
is obtained, then, a remote displacement method is adopted to transfer the hull
motion to the containment vessel to realize the numerical simulation of the con-
tainment vessel movement with the hull, thus to solve maximum normal stress and
strain, the maximum load component of containment bearing under the action of
Marine environmental load is obtained. The results show that the maximum stress
and strain of the vessel increase obviously in the moving state compared with the
static state of the vessel, which indicates that the random motion response of the
vessel must be considered in the structural safety analysis of the floating nuclear
power plant containment.

Keywords: floating nuclear power plant · Ocean circulation · containment ·
structural loads · Random motion response

1 Introduction

With the continuous adjustment and optimization of China’s energy structure and the
continuous promotion of the strategy of becoming a maritime power, traditional fossil
energy and emerging energy such as wind, wave and solar energy are increasingly
difficult to meet the energy needs brought about by China’s coastal oil and gas resources
and island development. Therefore, as a clean, efficient and flexible location of offshore
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nuclear power generation technology, the national government pays more and more
attention to it.Marinefloating nuclear power station is amobile floating offshore platform
equippedwith nuclear reactor and power generation system. It is the organic combination
of mobile small nuclear power station technology with ship and ocean engineering
technology. In floating nuclear power plants, a sealed steel containment structure is
usually installed around the reactor and other auxiliary power generation structures to
protect the normal operation of the reactor and the external environment. Compared
with the traditional onshore nuclear power plant containment, the environment and load
borne by the small steel containment (including support) of floating nuclear power plant
at sea are very different, especially the complexity of the Marine environment leads to
more complex load borne by the containment (including support). Therefore, in order
to ensure the safe operation of floating nuclear power plants and protect the surrounding
personnel and the external environment from nuclear radiation damage, it is urgent to
carry out researches on mechanical analysis and safety evaluation technology of steel
containment of floating nuclear power plants in marine environment.

The floating nuclear power plant containment vessel is not only subjected to huge
vertical and horizontal loads, but also inevitably subjected to wind load, wave load and
current load. Therefore, it is particularly important to analyze the dynamic response of
the floating nuclear power plant containment vessel in theMarine environment. Reissner
[1] studied the vibration characteristics of rigid circular foundation plate under vertical
load, and proposed and verified the feasibility of elastic half-space theory in vibration
research of foundation and foundation. Choprah [2] proposed the dynamic substruc-
ture method, which made numerical calculation effectively applied in this field. Lysmer
et al. [3] proposed lumped parameter method, which laid the foundation for structural
dynamic response analysis. Gazetas [4] and Mrakis et al. [5] proposed the calculation
and analysis method of pile-soil-structure dynamic interaction, and provided empirical
expressions of stiffness coefficients and damping coefficients. Fan Min et al. [6] con-
ducted nonlinear seismic response analysis and research, and the results showed that
the soil-pile-structure interaction system would affect the dynamic characteristics of
the structure, resulting in the extension of the natural vibration period and the increase
of damping of the system. Wang et al. [7] used hydrodynamic model to simulate the
evolution of wind, wave and tide under 32 typhoon events in Bohai Bay from 1985 to
2014, and used two-dimensional Gumbel Logistic model to establish the joint distribu-
tion of wave and storm surge in Bohai Sea. De Waal and Van Gelder [8] established the
joint distribution of extreme wave height and period through Copula function. Michele
et al. [9] used two-dimensional Copula function to analyze the frequency of effective
wave height, storm duration, storm direction and storm interval of ocean storms, and
established the joint probability distribution between pairs. Xu et al. [10] established
the two-dimensional joint distribution of storm surge height and effective wave height.
Dong Sheng et al. [11] established the joint distribution of the annual maximum wave
height and the corresponding wind speed of a jacket platform for 24 years based on
Archimedean Copula function, combined with the response of the offshore platform,
and found that considering the joint effect, the response of the offshore platform could
be reduced in the same return period. Chen Minglu et al. [12] conducted hydrodynamic
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analysis and wave load prediction for semi-submersible offshore platforms. Zhou Sulian
et al. [13] studied the mooring system design of deep-water semi-submersible platform.

Due to the complex wind, wave and current environment under the action of Marine
environment of floating nuclear power plant containment, the research on dynamic
response characteristics of floating nuclear power plant containment is insufficient and
almost no reports have been reported. Therefore, it is of great significance to carry out
dynamic response analysis of floating nuclear power plant containment under Marine
environment conditions, and to explore the variability and ultimate load effect of short-
term time history analysis, so as to understand dynamic response characteristics of
floating nuclear power plant containment under Marine environment.

The main work of this paper is to establish a hydrodynamic analysis model, using
Ansys Workbench HD software module for frequency domain analysis of the platform
and obtain the hydrodynamic parameters of the platform. The anchor chain model was
added to the platform model to control the six degrees of freedom movement of the
platform under the action of wave and flow. The HR module of Ansys Workbench
software was used to conduct time-domain analysis of the platform to obtain the time-
history curve of the platformmotion response. The structural dynamic response analysis
of the containment vessel of floating nuclear power plant under the action of wind load,
wave load and current load is carried out, which provides important reference for the
safe operation of floating nuclear power plant.

2 Theoretical Basis of Potential Flow

2.1 Small Scale Member

The stress of offshore floating structures in waves is studied. The stress of offshore
structures is the most important topic in the field of offshore engineering, in which
the wave force of piles is the basis of the stress of offshore structures. The method
proposed byMorison et al. in 1950 is used to calculate wave force for small components,
that is, structures whose diameter is smaller than the wavelength of the incident wave.
Morison equation is basically an empirical formula, which takes wave particle velocity,
acceleration and cylinder diameter as parameters to calculate the wave force in each
depth of water, and then obtains the wave force along the length of the column.

Morrison et al. believed that the horizontal wave force acting on any height of the
cylinder included two components:

fH = fD + fI (1)

Its magnitude is in the same mode as the drag force exerted on the column by
unidirectional steady water flow, that is, it is proportional to the square of the horizontal
velocity of the wave water point and the projection area of the unit column height
perpendicular to the wave direction. The difference is that the wave water points oscillate
periodically, and the horizontal velocity is positive and negative, so the drag force on
the cylinder is also positive and negative:

fD = 1

2
CDρAux|ux| (2)
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fI = ρV0
dux
dt

+ CmρV0
dux
dt

= CM ρV0
dux
dt

(3)

In the engineering design of floating buildings and piled offshore platforms, one of
the main problems to be solved is to determine the movement, stress and deformation
of these structures under the action of external forces such as wave and wind. We can
regard these structures as a dynamic system, the wave action is called the input of the
system, and the movement, stress and deformation of the structure are called the output
of the system.

Remember this transformation as:

y(t) = K[x(t)] (4)

For different systems and different inputs, the operator K may have different forms.
According to the different operators, dynamic systems can be divided into linear systems
and nonlinear systems. An operator is a linear system if it has the following properties,
and its operator is denoted by L.

a. Superposition property

L[x1(t) + x2(t)] = L[x1(t)] + L[x2(t)] = y1(t) + y2(t) (5)

b. The constant α can be removed from the operator

L[αx(t)] = αL[x(t)] = αy(t) (6)

therefore:

L

[∑
i

αixi(t)

]
=

∑
i

αiyi(t) (7)

It’s called the principle of linear superposition, which means that the response of
a linear system to inputs is equal to the sum of the responses of the inputs acting
independently.

The following operations are linear transformations:

y(t) = d

dt
x(t), y(t) =

∫ T

0
x(t)dt, y(t) = ϕ(t)x(t) (8)

In Formula (1-179), ϕ(t) is A non-random function. The above types are linear
secondary operations. If a certain function is added, they are called linear non-secondary
operations, such as:

y(t) = d

dt
x(t) + ϕ(t) (9)

Systemswhose operators do not conform to the above conditions are called nonlinear
systems. Linear systems are often encountered in practical work, and some nonlinear
systems can be linearized within a certain range.
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2.2 Large Scale Member

Ship hydrodynamic problems can be solved by frequency domain method. The
frequency-domain method is based on the assumption that the wave-ship interaction
has lasted for quite a long time, the initial disturbance of the incident wave and the tran-
sient influence of the initial rocking of the ship have disappeared, and the fluid motion
in the field has reached a steady state. In this case, if the incident wave is harmonic,
then the ship’s motion is also harmonic (the encounter frequency must be the changing
frequency), and the steady-state solution can be obtained in the frequency domain.

Due to the action of waves, the ship has six degrees of freedom besides constant
speed forward motion. Assuming that the motion of the six degrees of freedom is small,
the ship’s center of gravity G point can be at. The three linear displacements (swing, roll,
and heave) and the three angular displacements (roll, pitch, and yaw) around the G point
in the O-XYZ coordinate system are represented. In the stable state, its displacement
vector will be regarded as the harmonic quantity with the encounter frequency field as
the changing frequency:

{η(t)} = {η}eiωt = (η1 η2 η3 η4 η5 η6)
T eiωt (10)

According to rigid body dynamics, the shipmotion equationwith the center of gravity
G as the center of moment can be expressed as:

[M ]
{ ..
η(t)

}
= {F(t)} = {F}eiωt (11)

For the convenience of calculation, the fluid loads acting on the hull are divided into
two parts: hydrostatic loads due to changes in the position of the ship’s relative hydro-
static equilibrium and hydrodynamic loads dependent on wave and ship motion. Hydro-
static load comes from the contribution of hydrostatic pressure change caused by ship
movement, which can be directly given by ship statics as follows:{

FS(t)
}

= −[C]{η(t)} (12)

Among them, only 5 items of hydrostatic coefficient Cij, i, j = 1, 2, · · · , 6 are not
zero, they are: ⎧⎪⎪⎨

⎪⎪⎩
C33 = ρgA

C35 = C53 = −ρgSy
C44 = ρg∀hx
C55 = ρg∀hy

(13)

In Formula (13), A and Sy are the waterplane area of the ship and the static moment
to the Y-axis, ∀ is the drainage volume of the ship, hx and hy are the transverse and
longitudinal metacentric heights of the ship respectively. According to the different
dimensions of the mathematical model used to solve the flow field, it can be divided into
three dimensional method and two dimensional method (slice method).

The above equation shows that the free surface condition under low speed has the
same form as that under zero speed.
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If zero velocity radiation potential φ0
j and φU

j additional velocity potential φU
j are

defined, let them satisfy continuity equation [L] of the fixed solution, bottom condition
[D], distant radiation condition [R], free surface condition and object surface condition
[S] defined by the following formula:{

∂
∂nφ

0
j = nj, (j = 1, 2, ...6) It′s on plane S

∂
∂nφ

U
j = mj, (j = 1, 2, ...6) It′s on plane S (14)

For the above fixed solution problem, the disturbance potential φj and its gradient
∇φj(j = 1 ∼ 7) can be determined by using appropriate numerical solution method.
Introducing differential operator:

d

dt
≡ ∂

∂t
− U

∂

∂x
= iω − U

∂

∂x
(15)

According to the linearized Bernoulli equation, the hydrodynamic pressure after
deducting the change of hydrostatic pressure is as follows:

p(x, y, z, t) = −ρ
d

dt

[
φT (x, y, z)eiωt

]
(16)

3 Wave Load and Structural Response in Frequency Domain

3.1 Wave Load in Frequency Domain

Afloating nuclear power plant with a total length of 229.8 m and a total weight of 83,200
tons is taken as the numerical simulation object, and the model is modeled by the APDL
module in Ansys 2021R1. The finite element model of hull structure is constructed by
Shell181 and BEAM188 elements. The mesh size of the bottom and supporting part of
the containment is 0.1 m, the mesh size of the upper part of the containment is 0.2 m, and
the mesh size of the rest of the containment is 0.8 m. The total number of the whole ship
elements is about 1.56 million. The finite element model of the built floating nuclear
power plant and containment vessel is shown in the figure below (Figs. 1 and 2).

Fig. 1. Overall finite element model of floating nuclear power plant structure

In general, the hydrodynamic response of large floating body structure is a linear
system. Therefore, when calculating the hydrodynamic response of the containment
vessel of floating nuclear power plant under random waves, regular waves can be used
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Fig. 2. Finite element model of floating nuclear power plant containment

to calculate first, and the calculated response can be divided by wave amplitude. In this
way, the RAO of the floating nuclear power plant containment vessel can be obtained,
which preliminarily reflects the hydrodynamic performance of the containment vessel,
and then the HD module in Ansys Workbench is used for frequency domain analysis.
As the floating nuclear power plant in this paper is symmetric about X-axis and Y-axis,
the dynamic response caused by waves within the range of 0º–180º to the containment
vessel of floating nuclear power plant is mainly analyzed. A wave direction is set every
15º, which is divided into 13 wave directions in total. The schematic diagram of wave
incidence Angle is shown in the figure below (Fig. 3).

X
Y

Z

0°

45°

90°

135°

180°

Fig. 3. Diagram of wave incidence Angle

The wave load calculation and structure analysis in this paper are based on lin-
ear theory. Under this condition, if the wave is a stationary random process, so is the
alternating stress obtained by transformation. According to random process theory, the
power spectral density of the above two stationary random processes has the following
relationship:

GXX (ω) = |T (ω)|2GNN (ω) (17)

For A linear system composed of ships and waves, the stress response follows the
characteristics of the linear system, and the synthetic stress can be written as σ =
σC + iσS . In actual calculation, it is necessary to process the loads generated by regular
waves of unit amplitude with different frequencies according to the real and imaginary
parts respectively to obtain the corresponding response σc and σs, and then synthesize
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it into σA(ωe). Thus, the transfer function of stress can be written as:

Hσ (ωe) = σA(ωe) (18)

P-m spectrum can be written as the expression of different parameters. If it is
expressed by the two parameters of meaningful wave height Hs and mean zero-crossing
period Tz, the expression of wave spectrum can be written as follows:

Gηη(ω) = H 2
S

4π
(
2π

TZ
)2ω−5 exp(− 1

π
(
2π

TZ
)4ω−4) (19)

In the analysis, the actual response frequency should be the encounter frequency A,
and its relationship with wave frequency A is as follows:

ωe = ω(1 + 2ωU

g
cos θ) (20)

Therefore, the response spectrum of stress can be expressed as:

Gχχ (ωe) = |Hσ (ωe)|2Gηη(ωe) (21)

3.2 Structural Response Calculation of Wave Load

In the pre-processing ofAQWA, themass information andmoment of inertia information
of the hull structure need to be obtained through the whole ship finite element analysis.
The incident wave direction interval is 15°, the number of wet surface units of the
hydrodynamic model is 20403, and the total number of units is 38559, as shown in the
figure below (Fig. 4).

Fig. 4. Hydrodynamic model

The calculated frequencies of waves in the frequency domain were 0.01592 Hz–
0.27 Hz, and 48 calculated frequency points were interpolated at equal intervals, totaling
50 calculated frequency points.

In AQWA calculating unit amplitude structural response under the action of ampli-
tude, according to the main control parameters (RY), namely the total longitudinal bend-
ing moment, derived the relationship between the frequency and phase, and then accord-
ing to the wave height (2 m), wave Angle of incidence, frequency and phase extraction
wet surface wave pressure and the ship’s hull acceleration, and loads it into structural
response of the hull computation, as shown in the figure below (Figs. 5 and 6):
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Fig. 5. Stress cloud of containment at wave
frequency 0.06139 Hz

Fig. 6. Stress cloud of containment at wave
frequency 0.06688 Hz

4 Wind Load and Structural Response

4.1 Wind Load

The wind load rapid loading plug-in currently in use is based on API 4F specification:
“Drilling andWorkover Structure Specification”, 2008 edition. Typical structural analy-
sis is derrick, fan pile leg and jacket platform. The API Wind load Quick loading plugin
is limited to API 4F specification profiles and methods and is not intended for general
use. Other wind codes (like ASCE 7-05/7-10) are not included in this plugin.

This plug-in has the following advantages:

(1) Suitable for different geometric types. No matter solid, shell or beam structure can
take advantage of this plug-in.

(2) Enable load step selection, allowing multiple wind load conditions.
(3) Directly implement API 4F specification, allowing factor coverage.
(4) Wind load can be applied to the leeward side.
(5) The actual windward surface can be detected.

The total wind force on the structure is estimated by the vector sum of the wind force
acting on individual components and accessories, as shown in the following formula:

Fm = 0.00338 × Ki × V 2
z × Cs × A (22)

Ft = Gf × Ksh × Fm (23)

In Eqs. (3-1) and (3-2):
Fm – The force of the wind perpendicular to the vertical axis of a single member, or

to the surface of the wind wall, or to the projected area of the appendage.
Ki – a factor of the inclination Angle ϕ between the longitudinal axis of a single

member and the wind.
Vz – Local wind speed at altitude Z.
Cs – shape coefficient.
A – The projected area of A single member is equal to the length of the member

multiplied by its projected width with respect to the normal wind component.
Gf – Gust effect factor, used to explain spatial coherence.
Ksh – the conversion factor for the total shielding of a member or accessory and the

variation of airflow around the end of the member or accessory.
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Ft – the vector sum of wind forces acting on each individual member or accessory
throughout the drilling structure.

4.2 Structural Response Calculation of Wind Load

In this paper, the wind-loading plug-in in ANSYSWorkbench is used. Firstly, the struc-
tural model of floating nuclear power plant is fixed rigidly and released inertia, and
then constant Wind load is carried out on the Wind receiving surface of floating nuclear
power plant (Wind speed 50.7 = 98.56 knot, Wind direction: 13, 0° to 180° with wind
direction set at 15° intervals), at the same time, then export the result file, and perform
post-processing in classic ANSYS.

The wind speed is 50.7 m/s, and the maximum equivalent stress of the containment
is 8.15 MPa. The maximum stress occurs at the junction between the upper support and
the bulkhead, as shown in the figure below (Figs. 7, 8 and 9).

Fig. 7. Ship - wide stress cloud Fig. 8. Containment stress cloud map

Maximum 

stress position

Fig. 9. Maximum stress and position of containment under wind load

5 Flow Load and Structural Response

5.1 Current Loading

Ocean currents can be caused by many factors, such as local stationary currents caused
by ocean circulation, tidal currents caused by periodic changes in the gravitational pull
of the sun and moon on the Earth, differences in the density of ocean water, and the
action of wind. It should be pointed out that the speed of wind on the sea surface is
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about 3% of the speed at 10 m above the sea surface. Tidal currents have an important
influence on the flow field in some restricted waters. Tidal currents in restricted waters
generally have a speed of 2–3 m/s and a maximum of 10 m/s.

For floating bodies, theflowof the ocean surface is of greatest concern to us.However,
for the mooring system at sea, the distribution of water flow along the water depth is
also our concern. For the designers, the maximum limit flow encountered during the
operation of floating body is the most important factor affecting the design, so the actual
measurement and monitoring of water flow velocity is essential. Since the velocity and
direction of the water flow change slowly, we can approximately consider the water flow
to be steady.

The action of water flow on floating body can be divided into the following two parts:
(1) Viscosity effect. Viscosity resistance due to frictional effects, and differential

pressure resistance. For blunt body, the friction resistance canbe ignored, and thepressure
difference resistance is mainly.

(2) Influence of potential flow. The lift effect caused by the ring volume and the drag
effect caused by the free surface effect are small in comparison.

Using flow force coefficient to estimate the flow load on the surface ship floating
body:

The flow force/moment can be calculated by the following formula, in which the
flow force coefficients are usually determined by model test methods.

Xc = 1

2
ρv2cCXc(αc)ATS

Yc = 1

2
ρv2cCYc(αc)ALS

Nc = 1

2
ρv2cCNc(αc)ALSL

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

(24)

Similar to the wind load calculation of ship type floating body, the key to the flow
load of ship type floating body is how to obtain the flow load coefficient, which is mainly
obtained by model test.

For the calculation of flow load of large oil tankers, OCIMF based on model test
data gives flow force coefficient curves of two different bow forms, full load and ballast,
which have good reference value and are widely used in engineering design and analysis
of mooring ships.

Remery and Van Oortmerssen carried out an experimental study in theMARIN Tank
to test the flow loads on tanker models of different profiles and sizes. Since ships are
mostly slender bodies, the axial flow load is mainly caused by frictional resistance. If the
axial flow velocity is small, this resistance is difficult to measure, and it is not accurate
to predict the axial resistance of real ships from model tests, because the scale effect is
very obvious.

The axial flow load is important for anchored vessels. The force can be estimated
based on the frictional resistance of the plate. The following formula is recommended
by ITTC:

Xc = 0.075(
log10(RN − 2)

) · 1
2
ρV 2

c cosαc · |cosαc| · S (25)
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Re = |cosαc|Vc · L
υ

(26)

For tanker, it is generally not a problem to estimate the transverse force and yawing
moment of the real ship. For the transverse flow of ocean current in an oil tanker, the
ship can be regarded as a blunt body. Because the bilge radius of the hull is relatively
small, it can be considered that the flow separation situation in the model and the real
ship is consistent, and the transverse force and the bow rollingmoment can be considered
independent of the Reynolds number.

In MARIN pool, the lateral force and bow rolling moment are expanded into Fourier
series through experiments.

CYc(αc) =
n∑
1

bn · sin(n · αc) (27)

CNc(αc) =
n∑
1

cn · sin(n · αc) (28)

The above formula can be applied in deep water, but for shallow water, the lateral
force and bow torque coefficients need to bemultiplied by a correction factor. In practice,
the free surface effect is small for deep water with flow rates of 3kn.

5.2 Structural Response Calculation of Flow Load

In this paper, Workbench Fluent and classical ANSYS 2021R1 are used to real-
ize flow field analysis and structural response calculation. The viscous flow model,
namely K-Omega (2EQN) SST model, is selected for flow field analysis. A THREE-
DIMENSIONAL flow field model is established in Workbench DM module, and the
flow field size is 500 × 600 × 27.6 (m), as shown in the figure below (Fig. 10):

Fig. 10. 3d model of flow field

The mesh of fluid domain is divided in Workbench mesh module. The mesh size of
near-field fluid domain is 1.5 m, and that of far-field fluid domain is 3.5 m. The flow field
and structural stress (75° flow direction as an example) corresponding to flow velocity
of 0.83 m/s are shown as follows (Fig. 11):

At a flow rate of 0.83 m/s and a flow direction of 75°, the maximum equivalent stress
of the containment fourth strength is 1.15 MPa. The maximum stress occurs at the arc
transition of the equipment base inside the containment vessel, as shown below (Fig. 12).
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Fig. 11. Calculation results of 75° flow direction

Fig. 12. Maximum stress position

6 Conclusions

(1) Under the action of wave load in the frequency domain, the maximum load compo-
nent (absolute value) of the containment support is as follows: FX = 2.68 × 105N
(wave direction 60°), FY = 5.89 × 106N (wave direction 90°), FZ = 1.16 × 106N
(wave direction 90°), MX = 3.93 × 107N · m (wave direction 90°), MY =
1.93 × 106N · m (wave direction 75°), MZ = 1.13 × 105N · m (wave direction
105°). This part of the resultant force only includes the structural response caused
by waves, not the structural response caused by static equilibrium.

(2) Under the action of wave load in the frequency domain, the maximum equivalent
stress of the containment vessel appears when the wave direction is 90° and the
frequency is 0.09433 Hz, and the size is 98.3 MPa. The maximum stress occurs at
the junction between the upper support and bulkhead.
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(3) When the wind speed is 50.7 m/s and the wind direction is 75°, the equivalent stress
of the fourth strength of the containment vessel is the largest, which is 8.15 MPa.
Themaximum stress occurs at the junction between the upper support and bulkhead.

(4) When the flowvelocity is 0.83m/s and the flowdirection is 75°, the equivalent stress
of the fourth strength of the containment vessel is the largest, which is 1.15 MPa.
The maximum stress occurs at the arc transition of the equipment base inside the
containment vessel.

(5) The wind speed and flow velocity are 50.7 m/s and 0.83 m/s respectively, and the
maximum structural stress caused by wind load and flow load is 8.15 MPa and
1.15 MPa respectively, which can be almost ignored. Therefore, wind load and
flow load can be ignored in the analysis of ultimate load.
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Abstract. Severe accident process diagnosis provides data basis for severe acci-
dent prognosis, positive and negative effect evaluation of Severe Accident Man-
agement Guidelines (SAMGs), especially to quickly diagnose Plant Damage State
(PDS) for operators in the main control room or personnel in the Technical Sup-
port Center (TSC) based on historic data of the limited number of instruments
during the operation transition from Emergency Operation Procedures (EOPs) to
SAMGs. This diagnosis methodology is based on tens of thousands of simulations
of severe accidents using the integrated analysis program MAAP. The simulation
process is organized in reference to Level 1 Probabilistic SafetyAnalysis (L1 PSA)
and EOPs. According to L1 PSA, the initial event of accidents and scenarios from
the initial event to core damage are presented in Event Trees (ET), which include
operator actions following up EOPs. During simulation, the time uncertainty of
operations in scenarios is considered. Besides the big data collection of simula-
tions, a deep learning algorithm, Convolutional Neural Network (CNN), has been
used in this severe accident diagnosis methodology, to diagnose the type of severe
accident initiation event, the breach size, breach location, and occurrence time of
the initial event of LOCA, and action time by operators following up EOPs intend-
ing to take Nuclear Power Plant (NPP) back to safety state. These algorithms train
classification and regression models with ET-based numerical simulations, such
as the classification model of sequence number, break location, and regression
model of the break size and occurrence time of initial event MBLOCA. Then
these trained models take advantage of historic data from instruments in NPP to
generate a diagnosis conclusion, which is automatically written into an input deck
file of MAAP. This input deck originated from previous traceback efforts and pro-
vides a numerical analysis basis for predicting the follow-up process of a severe
accident, which is conducive to severe accident management. Results of this paper
show a theoretical possibility that under limited available instruments, this trace-
back and diagnosis method can automatically and quickly diagnose PDS when
operation transit from EOPs to SAMGs and provide numerical analysis basis for
severe accident process prognosis.

Keywords: Process Diagnose · Process Traceback · EOP · SAMG · Deep
Learning · PSA · ET ·MAAP

© The Author(s) 2023
C. Liu (Ed.): PBNC 2022, SPPHY 283, pp. 624–634, 2023.
https://doi.org/10.1007/978-981-99-1023-6_54

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-1023-6_54&domain=pdf
https://doi.org/10.1007/978-981-99-1023-6_54


Research on Process Diagnosis of Severe Accidents 625

1 Introduction

The application of the concept of defense in depth is the primary means of preventing
accidents in a nuclear power plant and mitigating the consequences of accidents if they
do occur [1]. If an accident occurs at a nuclear power plant, to restore safety, two types
of accident management guidance documents are typically used: EOP for preventing
fuel rod degradation, and SAMG for mitigating significant fuel rod degradation when a
severe accident is imminent [2]. And the relationship between different components of an
Accident Management Programme (AMP) is illustrated in Fig. 1. Preventive accident
management EOPs integrate actions and measures needed to prevent or delay severe
damage to the reactor core. Mitigatory accident management SAMGs refers to those
actions or measures which become necessary if the preventive measures fail and severe
core damage occurs or is likely to occur [3].

Fig. 1. Relationship between EOPs and SAMGs

Severe accident management guidelines should be comprehensively Verified and
Validated [4] (V&V). Implementing and enhancing the existing SAMGprogram inNPPs
is an important post-Fukushima activity [5]. Expert judgment, simulators, field training,
tabletop exercises, emergency drill, and exercise and analysis are current practices related
to SAMG V&V. Moreover, informing SAMG and actions through analytical simulation
is a practical and commendable practice [5].

While numerical simulation is scenario/event based from initiating event to core
damage, and even to fission product release to the off-site environment. There is a great
challenge that SAMGs take an integrated, symptom-and-knowledge-based approach
[5], and that means, SAMGs contain actions to be taken that are based on the values of
directly measurable plant parameters [6].

SAMEX, a decision support system, is developed for use in severe accident manage-
ment following an incident at a nuclear power plant [6]. Risk-informed severe accident
risk database management module (RI-SARD), which is a risk-informed accident diag-
nosis and prognosis module of SAMEX [7], examines (a) a symptom-based diagnosis of
a plant damage state (PDS) sequence in a risk-informing way and (b) a PDS sequence-
based prognosis of key plant parameter behavior, through a prepared database, SARDB,
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which stores the data of integrated severe accident analysis code results like MAAP
and MELCOR for hundreds of high-frequency scenarios from the plant damage state
event tree of a Level 2 PSA. RI-SARD predicts a series of potential severe accident
sequences that match the user-specified symptom criteria, and then prioritizes and adds
more symptoms to screen down scenarios for prognosis analysis.

The accident process diagnosis and prognosis method, with fast-running severe acci-
dent codes and scenario selection, used in SAMEX, fills the gap between symptom-based
analysis and event-based analysis. But with the given symptom of key parameters of
NPPs, a small set of initiating events and sequences may lead to a similar plant damage
state, and this method is not precisely focused on one scenario, which means multiple
parallel sub-section simulations should be conducted to provide information for users
to select.

Numerically reproducing symptom-based scenarios and selecting a small set of acci-
dent sequences to be simulated is practical in accident process diagnosis for SAMG
implementation and assessment. Ideally, the selection of scenarios to be simulated should
be made from the results of both Level 1 and Level 2 PSA [5], whereas only Level 2
PSA result is used in SAMEX.

The main purpose of this paper is to: 1) a concept of risk-and-knowledge informed
diagnosis and prognosis of plant damage state during the entrance of SAMG, tracing
back process progression from initiating event to core damage; 2) a feasible way to
select only one scenario from the result of Level 1 PSA, especially ET, for numerically
decision support for SAMG implementation and assessment, with an application of
advanced algorithms, deep learning, in Artificial Intelligence (AI).

2 AI Application in Accident Diagnosis of NPPs

Since the 1980s, with the field of artificial intelligence evolved, kinds of artificial
intelligence methodologies are implemented for accident diagnosis in NPPs.

Jaques Reifman [8] provides a comprehensive survey of computer-based diagnostic
systems using artificial intelligence techniques that have been proposed for the nuclear
industry up to 1997. Two computing tools: expert systems or Artificial Neural Net-
works (ANNs), are used for artificial intelligence-based systems for process diagnostics.
Hybrids of them and a combination of these technologies with numerical quantitative
simulation programs have also been proposed.

The early diagnostic approaches were based on expert systems, and then ANNs
before the 21st century, which follows chronologically the popularity of these artificial
intelligence technologies.

Kinds of diagnosis systems were developed based on an expert system. REACTOR,
an expert system for diagnosis and treatment of nuclear reactor accidents, was developed
at the beginning of the 1980s in the U.S.A [9]. DISKET, which is based on knowledge
engineering in the field of expert systems, has been developed to identify the cause and
the type of abnormal transient of a nuclear power plant in themiddle of the 1980s in Japan
[10]. ADAM, an accident diagnostic, analysis, and management system application for
severe accident simulation and management in the 2000s in the U.S.A [11]. Even in the
past few years, a decision support system called SEVERAwas developed in Europe [12],



Research on Process Diagnosis of Severe Accidents 627

aimed at supporting the decision-making team during an accident or a training exercise,
using decision modeling software DEXi, which is based on if-then rules.

The ANNs method application for diagnosis in NPPs is data-driven with model
training and is mainly trained with simulation data of NPPs. Diagnosis result is highly
dependent on the quality of simulation results. At the early stage, numerical simulation
is not quite competent for accident progression. No systemic application was built based
on ANNs, only in some specific domains, ANNs were applied as a methodology basis.

But nowadays, integrated simulation code, MAAP or MELCOR, is advanced
involved in the past few decades. And several diagnosis systemswere developed. ADAS,
using neural networks, was developed in the 2000s in Korea for accident diagnosis and
support operator decision-making [13]. A severe accident diagnosis and response sup-
port system was developed in China, which uses three diagnostic methods including BP
neural network method, SDG expert diagnosis, and artificial diagnosis [14].

Moreover, some other machine learning methods emerged and are applied for acci-
dent diagnosis in NPPS. A cascaded support vector regression (CSVR) model is used to
predict accident scenarios, accident locations, and accident information [15]. An app-
roach for diagnosis of multiple failures based on dynamic Bayesian networks (DBNs)
is proposed to support emergency response in case of an incident [16].

Nowadays, the most popular AI technology is Deep Learning, which is a subset of
machine learning and essentially a neural network with three or more layers. Related
algorithms in this domain include Convolutional Neural Networks (CNN), Recurrent
Neural Networks (RNN), Auto Encoder (AE), Generative Adversarial Network (GAN),
etc. These algorisms greatly improve the ability to solve practical issues, such as image
recognition, speech recognition, auto driving, language translation, etc. And inspires
new prosperity of AI applications.

Althoughnumerical simulation is applied to generate accident data, thoseAImethods
mentioned above do require not a very large dataset to train the model, hundreds or even
thousands of simulations may be enough. As a drawback, the diagnosis capability may
be limited.

3 Traceback Accident Progression Methodology During Transition
from EOP to SAMG

Following the occurrence of initiating event, EOPs are step-by-step procedures for oper-
ators in the main control room to put the NPPs into a safe state. Prevention efforts,
including safety system function and human performance, with success or failure exe-
cution, direct to different branches of the progression path, which are static sets of ETs
of L1 PSA. Key procedures in EOPs are simplified as header events of ETs, for example,
depressurizing the primary system. This path with the uncertainty of time may produce
tens of thousands of scenarios.

According to different SAMG entrance conditions, for example, core exit tempera-
ture exceeds 650 °C, TSC is formed to mitigate accident progression from large nuclide
release. Plant damage state assessments are required when operation transitions from
EOPs to SAMG.
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With fast-running simulation code, qualitatively PDS and SAMG action assessment
is conducive for accident management. But the obstacle gap between symptom-based
SAMG and event-based numerical analysis needs to be filled first.

This paper promotes a traceback method for TSC, which can automatically generate
an input deck of simulation code, based on chronological parameter data from initi-
ating event occurrence time to time when SAMG entrance condition is realized. And
this method is data-driven, using the good performance of deep learning algorithms to
diagnose header events and their time to define a relatively reasonable scenario that con-
fines symptoms on assessment time. It’s their advantage to diagnose from big datasets
for DL algorithms, while with a little number of datasets, they may diagnose with poor
capability.

3.1 Traceback Methodology

The main steps are described as follows:
1) Analysis of event trees and header events selection
First, a review of event trees from publicly available Level 1 PSA is performed to

select the main header events for every sequence path which causes core damage.
2) Sequences simulation and database generation
With the previously identified header events delineated for each sequence, using a

simulation tool, and with the occurring time uncertainty branch, a database is produced
with a large amount of CPU calculation work. The branching method will be explained
in the following section. Selection of key parameters as the figure of merits is performed
for simulation output.

3) Traceback model training for scenario confinement
Using DL algorithms, classification and regression models are trained with formerly

generated scenarios database. This may last for weeks. Different kinds of DL algorithms
are tried to be used, and hyperparameters are tuned with effort.

4) PDS diagnose with simulation and real-time instruments indicator
Put chronological real-time instrument data into DL-trained models to diagnose

confined scenarios, and then generate an input deck of the simulation tool, ranging from
initiating event occurrence time to the time when core exit temperature exceeds 650 °C.
This defined scenario is a base scenario for the following accident simulation.

5) Prognosis and SAMG action assessment
Put SAMG action into input deck of base scenario, and following simulation code

execution, which runs fast ahead of real-time, will prognosis the following accident
progression with/without SAMG action.

3.2 Header Event Branches

According to step 2, header event branching is conducted in dealing with scenario
uncertainties.

The third issue described in the report of OECD/NEA [5] is the treatment of simu-
lation uncertainty for assessing SAM actions using an analytical tool. The best-estimate
approach is recommended for analytical simulation because a conservative approach
may not be of much help and sometimes could even lead to a wrong decision.
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Despite code uncertainties, representation uncertainties, numerical inadequacies,
user effects, computer/compiler effects, and plant data uncertainties for the analysis of
an individual event, branching time is one important uncertainty for sequence definition.
Lots of evaluation effort has been done for computer code uncertainty.

While some safety systems function automatically, there is still uncertainty between
simulation and real-time accident progression. In addition, automatic safety systemsmay
fail and manual work with delayed time may still be needed to define accident scenarios.

Besides, manual actions following up EOPs may delay branching time for diagnosis
time, preparation time, and execution time.

Fig. 2. Event tree branches

Kinds of breaching time for both safety systems and manual actions are simulated
for scenarios, as shown in Fig. 2. For one sequence of ETs, header event 1 action should
be done at time t1 as action condition is fulfilled in simulation, three branches deviated
t1 time, which are 10 min after t1, 20 min after t1 and 30 min after t1. The safety system
or manual actions at header event 2 is similar to header event 1, and three branches are
formed with different delay times. And another three branches for t2 action are formed
for a scenario with t1–2 action in 20 min. So, the permutation of delayed action time for
header events makes a very large number of scenarios for one sequence of ETs.

4 Case Study – Medium Break LOCA (MBLOCA) in a Pressurized
Water Reactor (PWR)

This section presents an example application of the above-referred traceback methodol-
ogy to define a suitable input deck of accident progression scenario from initiating event
to core exit temperature exceeding 650 °C in no more than one day, which is the basic
scenario for SAMG actions implementation assessment.

The initiating event of this case study is the middle break loss of coolant accident in
a pressurized water reactor. According to L1 PSA, two ETs are analyzed which differ in
the position of break, one break is on one hot leg, and the other one is on one cold leg.
Only hog leg ETs is analyzed in this case study.

4.1 Event Tree Analysis and Header Events Selection

The event tree of MBLOCA with a break on the hot leg is depicted in Fig. 3. There are
a total of 21 sequences in this ET, 4 sequences result in bringing back to safety status
(OK), and the remaining 17 sequences lead to core damage (CD), which cause different
plant damage state.
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Among these 17 sequences, some of them may not need to be distinguished due to
their header events. For example, sequences 7, 8, and 9 are like sequences 11, 12, and
13 respectively. The difference between them is human error in safety actions or the
mechanical inherent failure of these safety systems. So, 13 sequences causing CD are
screened for the next steps.

Not all of the header events in Fig. 3 are used for each sequence. For example, only
E01, H01, and E02 are used for scenario 2. And head events needed for each sequence
are analyzed for each sequence.

Fig. 3. MBLOCA Event Trees
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4.2 Event Tree Scenarios Simulation with Branches

Modular Accident Analysis Program (MAAP) is used as a numerical analysis tool for
scenario simulation.

For every one of the screened 13 sequences, 10 different initiating event occurrence
times, 10 break sizes, 2 break locations (near/not pressurizer), and 10 branching times
for each header event are analyzed and simulated. The branching point is managed in the
above-referred method. All these simulation results generate a database of knowledge
on accident progression. Some parameters chosen as figure-of-merits (FOMs) are listed
in Table 1.

Table 1. FOMs of simulation

No. Parameter Unit

1 The collapsed water level in the broken steam generator downcomer m

2 The collapsed water level in the unbroken steam generator downcomer m

3 Pressure in broken steam generator Pa

4 Pressure in unbroken steam generator Pa

5 Pressure in the primary system Pa

6 Pressure in pressurizer Pa

7 Pressure in accumulator Pa

8 Core exit temperature K

9 Boiled-up water level measured from the bottom of RPV m

10 The collapsed water level in the cavity room m

11 Pressure in cavity room Pa

12 The temperature of the gas in the cavity room K

13 The temperature of water in the cavity room m

… … …

4.3 DL Models Training

1D-CNN (one-dimension convolutional neural network) algorithm is used for this mod-
eling task. The knowledge database formally generated is used as training and testing
data for classification and regression models.

The classification models include the sequence number of ETs, and break location
near or not near the pressurizer.

And regression models include initiating event occurrence time, break size, and
branching time for every header event in every sequence.

The result of the training models is listed in Table 2.
Due to the large scale of scenarios, weeks of training time may be needed for this

task.
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Table 2. Result for sequence 2 of ETs in MBLOCA

No. Type Description Accuracy/Error

1 Classification Sequence No 2 85.94%

2 Classification If break on pressurizer side 86.09%

3 Regression Break size 0.0262
(0.8 quantile)

4 Regression E01 time 0.2231
(0.8 quantile)

5 Regression H01 time 0.0944
(0.8 quantile)

6 Regression E02 time 0.0124
(0.8 quantiles)

7 Regression Initiating event occurrence time 0.2258
(0.8 Quantile)

4.4 Trace Back Accident Progression

Accident data from the simulator or MAAP is generated for testing 1D-CNN trained
models. In the case of real implementation, parameters of instrument indicators are used
for gathering chronological data of accident progression.

The task in this section is to automatically generate a defined input deck of MAAP,
which relatively accurately depicts the chronological progression from initiating event to
core exit temperature exceeding 650 °C. And the methodology is to input chronological
data to 1D-CNN trainedmodels and get classification and regression data for eachmodel.
These tracked back model data are written to an input deck of MAAP.

Based on this section, a basic scenario for testing accident data is confined to an
input deck of MAAP.

4.5 Application of Basic Scenario for SAMG Assessment

With the above-referred tasks, TSC can diagnose plant damage state using an input deck
of basic scenarios. For the prognosis of an accident, TSC personnel put related action
commands for SAMG actions into this basic input deck, with the calculation result
of MAAP, the negative or positive effect of these actions can be foreseeable with fast
running code. And the simulation result is used for decision support of TSC.

5 Conclusions

Numerical analysis is a practical tool for SAMG assessment. But the gap between
symposium-based SAMG actions and event/scenario-based numerical simulation is the
first obstacle to on-time decision support. Although methods of using L2 PSA are pro-
vided, the drawback of several screened scenarios are not focused and may generate
controversial calculation results.
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Event trees of L1 PSA are used for scenarios database generation, and header events
selection is performed to generate the skeleton of scenarios.

Uncertainty of scenarios is considered in this traceback method, with different time
branching points for each header event of scenarios, and confidence is gained for the
following decision-making support.

The method described in this paper is good at automatically generating an input
deck for a basic scenario ranging from initiating event to core exit temperature exceeding
650 °C. And the track back result fills the gap between symposium-based SAMG actions
and event-based simulations. The prognosis for SAMG assessment can be realized based
on this methodology.
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Abstract. In the coolant system of lead-bismuth fast reactor, the corrosion prod-
ucts produce great occupational radiation dose to the workers, especially in the
process of maintenance and repair of nuclear facilities. Therefore, it is very impor-
tant to accurately calculate the corrosion product source term caused by the reac-
tion between coolant and structural materials. The generation, migration, decay
and deposition of corrosion products are described by the corrosion characteris-
tics of lead-bismuth alloy on stainless steel in coolant loop, and the mathematical
equilibrium equation is established. The equation is used to calculate the corrosion
product source term of the coolant loop in the 20MWth lead-bismuth fast reactor
and the variation laws of the corrosion product with time are obtained. The results
show that the radioactivity of the corrosion products mainly comes from nuclides
such as 51Cr, 54Mn, 58Co and 60Co, and the short-lived nuclides such as 51Cr
and 58Co decay gradually after shutdown, long-lived nuclides such as 54Mn and
60Co are the main sources of radioactivity.

Keywords: Corrosion Product · Coolant · Lead-Bismuth Alloy · Stainless
Steel · Activity

1 Introduction

Lead-bismuth fast reactor is one of the six main types of the fourth generation reac-
tor, which has the characteristics of safety, economy, continuity and nuclear non-
proliferation. However, the corrosion ability of lead-bismuth alloy cannot be neglected,
and the corrosion products caused by it should not be underestimated. Studies have
shown that more than 90% of occupational exposure is caused by corrosion products
deposited on the pipe wall from the coolant, which continue to decay and emit gamma
rays in the pipe wall or coolant, in particular, some long-life nuclides in the shutdown
for a period of time will still cause radiation damage to equipment maintenance workers.
Therefore, it is important to study the generation and migration of corrosion products
in the alkali metal coolant loop, predict the change and distribution of corrosion prod-
ucts for the radiation shielding design of lead-bismuth fast reactor, the inspection and
maintenance of the reactor, and the accident analysis.
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In view of the important influence of corrosion products on radiation protection,
a great deal of research has been carried out at home and abroad, Such as the PWR-
GALE program developed in the United States, the PACTOLE program in France, the
Nuclear Power Institute, the Suzhou Thermal Engineering Institute, Tsinghua Univer-
sity, the North China Electric Power University Shanghai Jiao Tong University, and
Harbin Engineering University. The above calculation program or method, the principle
used is basically the same, but the simplification and assumptions used, as well as the
specific treatment methods are not the same. The point reactor model is often used in
the calculation, which does not take into account the influence of uneven distribution of
neutron flux rate and coolant flow time, so its calculation precision is not high. In addi-
tion, the existing source item calculation program has some limitations; the calculation
system and equipment are also specific, not universal. At present, the study on source
term of corrosion products in water-cooled reactor is mainly focused in China, but there
is no systematic study on source term of corrosion products for lead-bismuth coolant.

Based on the characteristics of lead-bismuth reactor coolant loop, the corrosion
mechanism of lead-bismuth alloy and the corrosion rate of lead-bismuth alloy, the pro-
cess of corrosion products generation, decay, migration and deposition in the loop are
simulated in this paper; themathematical equilibrium equation is established. The source
term of corrosion products of lead-bismuth coolant was calculated by calculating the
fast neutron reaction cross section of the reactor. This study provides reference data for
related research in China.

2 Corrosion Source

2.1 Impurities in the Coolant

The impurities in the coolant mainly come from the raw materials and the impurities
introduced in the operation. The lead-bismuth alloy was synthesized from lead and
bismuth in the ratio of 44.5% and 55.5%, the impurities are mainly non-metallic impu-
rities such as oxygen, carbon, and metallic impurities such as calcium. The pipelines
and equipment of the reactor loop are processed, welded and cleaned in the process of
manufacture, installation and maintenance, this process inevitably leaves behind some
dirt, grease, gasoline, metal chips, welding slag, surface oxides and moisture, which is
another major cause of contamination and impurities in the coolant system.

2.2 The Structural Material of the Coolant Channel

Lead and bismuth coolants have the characteristics of high melting point, high boil-
ing point, chemical property inactivity and “Negative” cavitation reactivity. Lead and
bismuth are chemically inert with fuels, low alloy steel, water and air. The structural
material commonly used in contact with lead-bismuth alloys is stainless steel.

By analyzing the main components and impurities in stainless steel, the possible
activation reaction types were determined. Finally, the radionuclide types of various
corrosion products, the corresponding reaction types and the main sources of structural
materials were counted; the results are shown in Table 1. The common active corrosion
products in the main circuit are radionuclide as 24Na, 51Cr, 56Mn, 59Fe, 58Co and 60Co,
and their initial nuclides are mainly Fe, Cr, Ni, Mn and Co in the structural materials.



Study on Calculation Method of Corrosion Product Source Term 637

Table 1. Source of Corrosion Products

Target Nucleus Reaction Type Radiation sources Half-life Decay constant, 1/s
50Cr 50Cr (n, γ) 51Cr 51Cr 27.72d 2.89413E−07
54Fe 54Fe (n, p) 54Fe 54Fe 312.5d 2.56721E−08
55Mn 55Mn (n, γ) 56Mn 56Mn 2.587h 7.44263E−05
58Ni 58Ni (n, p) 58Co 58Co 71.3d 1.12518E−07
59Co 59Co (n, γ) 60Co 60Co 5.26a 4.17862E−09
60Ni 60Ni (n, p) 60Co
58Fe 58Fe (n, γ) 59Fe 59Fe 45.1d 1.77883E−07
60Ni 60Ni (n, p) 60Co

3 Method of Establishment

3.1 Coolant Migration Process

When calculating the source term of corrosion products in the main loop, there are two
general conditions. One is that the materials in contact with the coolant in the main
circuit are first corroded and dissolved in the coolant; the other is that the material in the
core is first activated by radiation, and then corroded down to dissolve in the coolant.
As the coolant flows, some of the activated corrosion products in the main circuit will
be deposited on the equipment or pipelines in the main circuit, most of which will be
cleaned by the purification system, and some will remain in the main circuit coolant.
The generation and migration of corrosion product source term in the main loop can be
divided into six processes as follows:

(1) The structural material in the core is activated by irradiation;
(2) The material in contact with the coolant in the main circuit is corroded down and

dissolved in the coolant to become the corrosion product;
(3) Non-radioactive corrosion products in the coolant flowwith the coolant, in the main

circuit migration and balance;
(4) The corrosion products in the coolant are irradiated and activated as they flow

through the core;
(5) Transfer and equilibrium of radionuclide in the coolant with the coolant flow;
(6) The radionuclide in the coolant precipitates in the main circuit equipment.

3.2 Computational Model

In the coolant loop, the amount of the target radionuclide of the structural material
decreases gradually with neutron irradiation.

dN1

dt
= −σ 1φ1N1
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dN2

dt
= σ 1φ1N1 − λ2N2

In the formula,N1 is the nuclear density of the target nucleus in the structuralmaterial;
t is the time;N2 is the nuclear density of the irradiated radionuclide; σ1 is the average
neutron activation cross section of the target nucleus; φ1 is the average neutron flux rate
of irradiation; λ2 is the decay constant of the irradiated radionuclide.

The increase in radionuclide in the primary circuit due to corrosion of the reactor
activated materials at constant reactor power can be calculated as follows:

Rci =
∑

l
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⎝
∑
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fai · C0j · Sj · NA
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⎞
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In the formula, f ai is the quality share of the radionuclide in the material; Coj is the
material corrosion rate of module j; Sj is the corrosion area of module j; NA is the Amado
Avogadro constant; Ai is the atomic weight of radionuclide I; f sILj is the mass share of
the nuclide chemical element in the material composition of module j; f nIl is the natural
abundance of the target nucleus; λi is the decay constant of radionuclide i.

When the reactor power is constant, the total nucleon number of the activated
corrosion products in the coolant changes with time according to the following equation:

dnvit
dt

= Rci − λi · nvi

= NA · φ

Ai · λl
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dnwl
dt

= Rcl
(
1 − e−λi t

) − λl · nwl
If t ≤ t1, the analytical solution of the equation is:

nwi(t) = Rct

λt
− Rctλt t + Rct

λl
e−λ1t
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if t > t1, The power of the reactor has changed, the average neutron flux rate of the
reactor has changed, The solution of the equation is:

nwt(t) = Rci2

λl

[
1 − eλi(t1−t)

]
− Rcc2(t − t1)e

−λt t

+ Rci1

λl

[
eλl(t1−t) − e−λl t

]
− Rct1t1e

−λl t

3.3 Example Description

The type of this example is a compact pool structure, as shown in Fig. 1; the main
parameters are shown in Table 2. Under normal operating conditions, the circulation
flow of lead-bismuth medium in the first circuit is as follows: Lead and Bismuth are
heated from bottom to top by the core in the internal components of the reactor, and
then enter the upper steam generator of the collector chamber through openings in the
upper part of the containment vessel, After the heat transfer is completed from the top
to the bottom of the primary side of the steam generator and the secondary side, the
secondary side outlet is reintegrated into the lower collecting cavity of the side shield,
and the inner opening of the side shield returns to the upper collecting cavity from the
bottom to the top, Then flow down the annular passage between the side shield and the
main vessel and enter the main pump inlet, under the pumping of the main pump, the
annular passage between the lower shield and the lower head of the main vessel enters
the lower collecting cavity of the core along the flow distribution mechanism, and finally
returns to the core.

Fig. 1. Schematic Diagram of Pool-type Structure of Lead-bismuth Fast Reactor
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Table 2. Main Parameters

Parameters This Example CLEAR-1

Thermal Power 20 MW l0 MW

Design Life 30 years 30 years

Loop Number 2 4

Coolant Temperatures 280–485 °C 260–450 °C

Coolant Flow 660 kg/s 529.5 kg/s

Structural Materials SS316H SS316L

3.4 Calculation Results and Comparative Analysis

The fast neutron average reaction cross sections for various reactions were calculated
using the MCNP code, as shown in Table 3. The radioactivity of the corrosion products
in the model coolant is calculated using the formula in Sect. 3.2, and a comparison with
the results of the same type of reactor is shown in Table 4.

Table 3. Fast Neutron Average Reaction Cross Section

50Cr-51Cr 54Fe-54Mn 55Mn-56Mn 58Ni-58Co 59Co-60Co 60Ni-60Co 58Fe-59Fe 59Co-59Fe

barn 0.0123 0.0095 0.0753 0.0098 0.0642 0.0003 0.0019 0.0002

Table 4. Results and Comparison of Radioactive Activity of Corrosion Products

Nuclides Half-life This Example CLEAR-1

Activity, Bq
51Cr 27.72d 1.94E+13 7.40E+14
54Mn 312.5d 7.69E+14 –
56Mn 2.587h 1.00E+12 –
58Co 71.3d 3.80E+14 2.06E+14
60Co 5.26a 7.95E+14 1.25E+12
59Fe 45.1d 1.04E+12 2.44E+14

Total 1.97E+15 1.19E+15

As can be seen from Table 4, the total activity of corrosion products in the lead-
bismuth coolant circuit is 1.97E+15Bq. Among them, 51Cr, 54Mn, 58Co and 60Co have
the largest proportion, but 51Cr and 58Co are short-lived nuclides, which can decay
rapidly after shut down for a period of time, and 54Mn and 60Co have longer lifetime,
which are the main contributors to the total activity.
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Compared with ClEAR-1, the model has same life, but different power, temperature,
flow, and structural materials. These factors cause the total amount of corrosion products
to be more than ClEAR-1.

4 Conclusions

The sediment source term of corrosion products is the main source of occupational irra-
diation, and it is also the key and difficult point in the source term analysis of nuclear
facilities. Based on the characteristics of lead-bismuth coolant system, the release,migra-
tion, decay and deposition of corrosion products in the coolant loop are fully considered,
a method for calculating the source term of corrosion products in lead-bismuth coolant
loop is developed, The method is used to simulate the coolant loop of lead-bismuth fast
reactor, and the source term of corrosion products is calculated. The results show that
the source terms of the corrosion products are mainly composed of 51Cr, 54Mn, 56Mn,
58Co, 60Co and 59Fe, among which the long-lived nuclides 60Co and 54Mn are the main
contributors to the radioactive activity. The analytical methods and conclusions of this
paper can provide theoretical support for relevant domestic research.
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Abstract. Cold source for the cooling system is provided byCRFpump in nuclear
power plant. During failure of CRF pump, a rapid core power reduction to a lower
power level is needed, which poses a challenge to �I control of the core. Based
on the requirements of operating technical specifications, the influence of various
factors concerned the �I control strategy such as cycle burn-up, low power level
andpower reductionmethods is researched for the rapid power reduction process in
a certain balance cycle. Meanwhile, sensitivity analysis is carried out on the action
of the control banks for different phases during the rapid power reduction process.
Based on the analysis of the main influencing factors, proposal on the rapid power
reduction strategy related to the reduced power level, power reduction method and
different characteristic burn-up is put forward. The match of the cooling capacity
of the CRF pump and the reduced core power is realized, thus ensure the safety
and economy performance of reactor core.

Keywords: �I · Power Reduction · Control Strategy · Operation Diagram · CRF
Pump

1 Introduction

Two circulating water pumps (CRF pumps) are equipped in the three loops of the nuclear
power plant in order to provide cooling water and thus to realize the heat removal [1].
During a cold source failure or CRF pump failure, a rapid core power reduction to a lower
power level is demanded based on the available CRF pump cooling capacity. During the
power reduction process and the stay of the low-power platform, the core axial power
distribution is disturbed, and the axial power deviation of the core (�I) is relatively hard
to control, which is likely to cause a reactor trip. Consequently, it is vital to study the
�I control strategy in order to achieve a compromise between the CRF pump cooling
capacity and �I control. It is also of importance for core safety and plant economics.

In the process of rapid power reduction, many problems appear in �I control. The
power reductionmethods in nuclear power plants can be divided into two types: boroniza-
tion and rod insertion. As for the method of boronization, the power distribution is less
perturbed. However, due to the limitation of the boronization speed, the power change
rated is relatively low, which is difficult to satisfy the rapid reduce power requirements
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at some time. Meanwhile, when using the boronization method to reduce power, �I is
likely to continue increasing. As the power difference is so large until exceeding the right
boundary the operation diagram. It will cause a reactor trip. The safety and economy
performance of the unit are infected. As far as the way of rod insertion is concerned, the
power reduction process can be realized within a short period of time by a rapid intro-
duction of negative reactivity. Nevertheless, the rod insertion method disturbs largely
the core power distribution. Meanwhile, The GN rods must be fully extracted out of the
core within a certain period of time after the operating technical specifications which
strictly restricts on rod insertion time. During the GN rod withdrawal, it is likely for �I
to exceed the right boundary. In addition, during the rapid power reduction, the core �I
is also significantly related to the core burnup and the magnitude of the power reduction,
that’s why the core control strategy research is challenging.

In this paper, the SCIENCE program is utilized to simulate the variation of �I in
the process of rapid power reduction. The control strategy of �I, which involves fuel
burnup, low-power platform, and power-reduction methods, is optimized with the help
of SOPHORA program. At the same time, the control rod action sensitivity analysis is
also completed in this paper. Suggestions for �I control strategy in the process of rapid
power reduction are given.

2 Research Background of Rapid Power Reduction

Researchers have carried out a lot of explorations and researches on the problem of �I
control strategy of the rapid power reduction process. Among them, qualitative analysis
has been given from the perspective of core characteristic including burn up, burnable
absorber, control rod position, fuel type and moderator temperature in a large number
of literatures [2–10]. At the same time, power reduction types, such as power reduction
to hot shutdown, daily power reduction or augmentation, extended low power operation
(namely ELPO), stretch out operation, are also described qualitatively [5]. Nevertheless,
literature related to rapid power reduction is relatively scarce, especially the quantitative
analysis. The difficulty of �I control is mentioned [9] in a case that the reactor realize
a reduction of power rapidly by a speed of 50 MW/min due to cooling source failure.
Therefore, the power is forced to reduce to below 30% FP in order to prevents load rejec-
tion action due to the uncontrollable �I. On the basis of previous research, quantitative
and in-depth research on the impact of different factors in the process of rapid power
reduction is meaningful to the �I control and to the matching between the low-power
platform and the cooling capacity of the cold source pump, thus ensuring the safety and
economy performance of the reactor operation.

3 Research Methods

In order to ensure the safe operation of reactor, the operating diagram limitations on �I
must be met. In addition, operation technical specifications are also mandatory consid-
ering the operation factors. Under the condition of meeting these limitations, SCIENCE
and SOPHORA programs are utilized to study the influence of difference factors, such
as burnup, low-power platform, power reduction method and control rod action on �I
control in the process of rapid power reduction.



Research on �I Control Strategy During Rapid Power Reduction 645

3.1 Operation Technical Specifications

As one of the main bases for the operator to control the reactor, the operation diagram
shows the relationship between the allowable value of�I and the relative reactor power.
During the rapid power reduction process, the operator must ensure that �I satisfies the
operation diagram. In addition, the �I performance also needs to meet the operation
technical specification in which the operation diagram is defined. Related operating
technical specifications are listed: when P�Iref is determined and the power of the core
is reduced from high power to 50% or less, control rod insertion time is limited to 12
h in any 24 h period in region I and �I is limited at region I. In the case of a capacity
of a quick return to high power levels, the control rod insertion limitation time can be
extended to 24 h. When all the power compensation rods(GN rod) are completely drawn
out, �I is able to leave the area I after 6 h of stable operation.

3.2 SCIENCE and SOPHORA Software

SCIENCE graphical software package, which invoked by the Copilote graphical user
interface is used in this paper for calculations. SMART programs is used for 3D
homogenized cores calculation. SOPHORA program is utilized for �I control strategy
optimization.

3.3 Overall Control Strategy

Under the condition of meeting the demands of operation technical specifications, two
periods related to rapid power reduction,which is the period of rapid power reduction and
the low power platform is respectively considered in order to evaluate various influencing
factors in this article.

Concerned the strategy of rapid power reduction period, the control of�I is achieved
in two ways. One is to insert the GN rod according to the G9 curve, while the power
decrease at a speed of 10MW/min until reaching the low power platform. The other
is to increase the boron concentration of the core firstly, at the same time, the power
decrease at a rate of 3 MW/min until 80%FP. Then, GN rods is inserted in order to
reduce the power at a relatively high speed of 10 MW/min. As for the strategy of low
power platform, the core is boronized in order to withdraw all GN rods while R rod is
used to control�I in order to meet the requirements of operating technical specifications
in Sect. 3.1 (the time limitation for rod insertion).

In order to study the �I control strategy of reducing power to different low-power
platforms at different fuel burnup points, a certain 18-month refueling cycle was selected
for research at 150 (BLX), 6000, 11000 (�I most negative burnup point), 14000 (MOL),
16000 (80%EOL), 18000MWd/tU and EOL. Low power platform of 50%, 60%, 65%,
70%, 80% FP are studied and the �I control strategy is carried out in case of reactor
cold source failure.

4 Optimization Results

The �I control strategy optimization results of rapid power reduction is researched by
mainly focusing on three factors: fuel burnup, reached low power level platform, and the



646 D. Meng et al.

power reduction method. The comprehensive impact evaluation of the three factors is
also studied. Then, this paper introduces the sensitivity analysis of the control rod action
in the process of rapid power reduction, and gives the �I control strategy conclusion of
the rapid power reduction process.

4.1 Influence of Fuel Burnup

During the reactor normal operation, the temperature of the lower part of the core is
lower than that of the upper part. Due to the negative feedback of temperature, the core
�I is generally negative. Along with the deepening of burnup, the burnup in the lower
part of the core is gradually larger than that of the upper part, therefore, �I tends to
increase due to the influence of the burnup effect. In this research, after the GN rods are
extracted, a larger �I is unfavorable for core control. Worse, the xenon oscillation effect
manifest more negative effects at EOL than BOL.

In order to study the influence of the fuel burnup effect, the GN rod is inserted to
reduce the power to 50%PNduring the rapid power reduction period and the�I variation
is compared at BLX, MOL and EOL. R rod is used to control �I only at the low power
platform. The variations of �I are shown in Fig. 1:

Fig. 1. Burnup influence for �I control

It can be seen fromFig. 1 that�I exceeds zone Iwhen theGN insertion time is limited
to 12h for all three burnup points. Therefore, we can draw that for the whole cycle, it’s
likely to exceed zone I when the power is reduced to 50%FP rapidly. We also note that
�I will not exceed the right boundary at operation diagram at BLX; Nevertheless, at
MOL and 80% EOL burnup, the xenon oscillates more violently and �I tends to be
bigger, thus it exceeds the right boundary. �I control is influenced significantly by fuel
burnup.
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4.2 Impact of Low-Power Platforms

In addition to fuel burnup, the low power level reached by the core after a rapid power
reduction also has a considerable impact on �I control. When the core power is reduced
from 100% to 80% FP or more, �I is easy to control due to the small variations in
power. Additionally, if the core power is reduced to 30% FP or even less, although
power distribution go worse, �I may still be controllable thanks to the lower power
levels. However, as the power is reduced to 30%–80% FP, �I is the most difficult to
control.

�I variations for three low-power platforms (80%, 60% and 50%FP) is compared at
burnup of 11000 MWd/tU in this section. R rod is not inserted at the power reduction
period. At the low power platform, the core is boronized in order to extract GN rods.
Meanwhile, R rod is inserted to control �I. The variation of �I for the three low-power
platforms is shown in the Fig. 2:

Fig. 2. Low-power platform influence for �I control

As shown in Fig. 2, when the power is reduced to a low-power platform which is
greater than 50% PN, the greater is the power reduction, the greater is the �I oscillation
caused by the xenon oscillation. When the power is decreased to the 80% FP, �I varies
slightly within zone I. While the power is reduced to 60% or 80% FP, �I exceeds zone
I. Therefore the low-power platform also affects largely the �I control.

4.3 Influence of Boronization and Rod Insertion

It canbeobtained fromSect. 3.3. That twomethods canbeused for rapid power reduction:
one is direct rod insertion and the other is boronization to 80%FP and then rod insertion.
The power drops rapidly in the upper part of the core because of the rod insertion, and
thus�I becomes more negative. The boronization power reduction method disturbs less
to the core �I than rod insertion method, and it leads to a more positive �I. In order to
compare the effects of two power reductionmethods on�I control, the core�I elevation
of the two cases is compared.

It can be seen from Fig. 3 that the �I performance is slightly improved by adopting
the method of boronizing and then inserting the rod. At the same time, studies have
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shown that if boronization itself is used to reduce power to 50% PN, not only the power
change rate is limited, but �I is easy to exceeds the right boundary. The �I oscillation
can be slightly reduced by using the rapid power reduction strategy of boronization and
then insertion the control rod.

Fig. 3. Boronization and rod insertion influence for �I control

4.4 Comprehensive Feasibility Analysis of Fuel Burnup, Low Power Platform
and Boronization

It can be drawn from Sect. 4.1–4.3 that fuel burnup, low power platform and power
reductionmethodhavemajor influenceon�I control.Acomprehensive analysis contains
the �I control strategy optimization at different fuel burnups to different low-power
platforms and by using different methods. We also note that the criteria of feasibility for
rapid power reduction strategy is that �I does not exceed the operation diagram.

The power reduction analysis is based on two assumptions to facilitate the calcula-
tion. The first is that, at a higher fuel burnup, if the core power can be reduced to a certain
power level without exceeding the right boundary, the core power can also be reduced to
that level without exceeding the right boundary at a relatively lower burnup. The other is
that, if the direct insertion of control rod method is feasible to reduce the power without
exceeding the right boundary, the power reduction method of boronization and then rod
insertion will also be feasible. These two assumptions correspond to the conclusions in
Sects. 4.1 and 4.3, respectively. On the basis of these two assumptions, the conclusion
of whether �I is controllable can be obtained for different fuel burnups (the unit of
fuel burnup is %EOL), with different power reduction method (use direct rod insertion,
boronization without stay at 80%FP and rod insertion, and finally boronization with stay
at 80%FP and rod insertion) to different power platform including 80%, 70%, 65%, 60%
and 50% FP. The result is shown in Fig. 4:

FromFig. 4, the boundarybetween controllable anduncontrollable power is obtained.
When the fuel burn-up is less than about 50% EOL (about 11GWd/tU), �I does not
exceed the operation diagram if the power is reduced rapidly to 50%. However, as the
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Fig. 4. Combined influence of burn-up, low power platform and power reduction method for the
feasibility of rapid power reduction

fuel burn-up increases, in order to prevent �I from exceeding the operation diagram,
the power reduction magnitude should be gradually reduced. When the fuel burn-up is
high enough, a direct rod insertion to reduce the power may cause the �I exceeding the
right boundary. In this case, the power can be reduced by boronization followed by rod
insertion, and a stay of 80%FP may be necessary to avoid �I oscillation. The matching
of cooling capacity and core power can be achieved with help of the strategy.

5 Sensitivity Analysis of Control Rod Motion

To limit �I oscillations during rapid power reduction, the R-rod action can be manually
optimized. In addition, after reaching the low power platform, the GN rod is supposed
to be raised in 12h, the GN rod action is flexible in time and in speed. Therefore, it is
also of importance to carry out the analysis of the influence of the control rod action on
�I during the rapid power reduction and the low-power platform.

Considering the power reduction method of direct insertion of control rod, according
to the time and logical sequence, the sensitivity analysis of control rod action can be
divided into: R rod action in power reduction process, GN rod action at low-power
platform and R rod action low-power platform. The sensitivity analysis is simulated at
a burnup of 80%EOL.

5.1 Sensitivity Analysis of R Rod Action During Power Reduction Process

During the power reduction process, GN rod needs to be inserted according to the known
G9 curve,�I is generally more negative. In this process, the R rod can be properly raised
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in order to leave an insertion margin for the �I control when the GN rod is extracted
for the low-power platform. In this section, the influence of whether to extract R rod out
of the core during the power reduction process so as to leave a insertion margin in the
low-power platform is researched.

Two case during power reduction process, which is firstly R rod is gradually extracted
out of the core during power reduction and secondlyR rod keeps still, is studied.At lower-
power platform, R rod is evenly inserted into the core to its lower limit. �I variation at
low-power platform is shown in Fig. 5:

Fig. 5. Sensibility study of for the withdrawal of R bank

It can be drawn from Fig. 5 that in the process of power reduction, an extraction of
R rod for more insertion margin has no significant optimization effect on the �I control
strategy. �I raises as the GN rod is extracted, and finally exceeds the right boundary.
The value of final �I is basically the same in both cases.

5.2 Sensitivity Analysis of GN Rod Motion of Low Power Platform

In order to meet the requirements of the operation technical specifications, the GN rods
must be extracted of the core within 12 h. During the low-power platform, when GN
rods are extracted, studies of its action include: extraction speed, beginning time and
time interval of GN rod withdrawal.

For the analysis of extraction speed of GN rods, three cases of GN rod extraction at
low-power platform are simulated. The result of �I is shown in Fig. 6:

It can be seen from the above figure that the maximum �I is positively correlated
with the GN rod extraction rate, but both �I are far beyond the right boundary.

For the beginning time of the GN rod extraction, at low-power platform, due to the
Xe effect, �I tends to decrease in the low-power platform from 0 to 10 h in which is
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Fig. 6. Influence of the withdrawal speed of GN bank on �I

favorable for GN rods extraction. The GN rods are selected to be extracted at 2, 4, 6,
and 8 h, and all of the cases are fully extracted at the 12th hour. The R rod keeps still,
and the comparison of �I changes is shown in Fig. 7:

Fig. 7. Influence of the withdrawal time of GN bank on �I

From Fig. 7, we observe the changes of �I In all four cases, the xenon oscillation
causes �I to exceed the right boundary. However, by adjusting the time of GN rod
withdrawal, the peak value of �I can be slightly reduced and the time to exceed right
boundary can be delayed.
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As shown in Fig. 8, after the rapid power reduction of the core, the �I variation is
simulated for different stay times of 2h and 6h after reaching low-power platform in a
real specific case. Compared with the 2h stay condition, the maximum value of �I after
extraction the GN rods is lower and does not exceed the I zone for 6h-stay case. The
operation technical specification is obeyed. Therefore, the beginning time optimization
of GN rod has a positive effect on �I control.

Fig. 8. Influence of the withdrawal time of GN bank on �I for Daya Bay unit at middle of cycle

For the sensitivity analysis of the extraction time interval of the GN rod, after the
power is rapidly reduced, R rod keeps still, and GN rod is extracted at different time
interval, as shown in Fig. 9:

Fig. 9. Influence of the withdrawal time interval of GN bank on �I
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From the above figure, �I attains the same value in the end. The extraction time
interval of the GN rod does not affect greatly the variation of �I. Consequently, the GN
rod can be evenly raised on the power platform.

5.3 Sensitivity Analysis of R-rod Motion of Low-Power Platform

In the low-power platform, during the process of the extraction of GN rod, the R rod
needs to be inserted to control �I. The R rod can be either evenly inserted to its lower
limit, or inserted once at a certain moment or inserted at different time. This section is
to study the effect of the R rod action.

Fig. 10. Influence of the R bank action on �I at reduced power level

As can be seen from Fig. 10, the R rod adopts different insertion strategies, none of
them can control the �I within the right boundary. There is no significant correlation
between R rod insertion method and final �I value. The later is mainly affected by the
final position of R rod (namely the low-low limit).

5.4 Summary of Sensitivity Analysis

In this section, at the 80% EOL burn-up point, the sensitivity analysis of the control rod
action to �I in the process of rapid power reduction and low-power platform is carried
out, including the analysis of the R rod action in the process of the GN rod insertion, the
action of the GN rod and R-rod at the low-power platform. We can basically conclude
that the control rod motion improves slightly the �I performance, but it has no decisive
effect on the core control. The fuel burnup, low power platform and power reduction
method keeps the main factor affecting �I during the rapid power reduction.

6 Conclusion

Based on SCIENCE software, this article describes the effects of different factors such
as fuel burnup, low power platform, power reduction method and control rod action on
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rapid power reduction. Aimed at the three main factors, the comprehensive feasibility
analysis is carried out and based on a specific cycle, a rapid power reduction �I control
strategy is given: when the fuel consumption is less than approximately 50% EOL,
�I is controllable when the power is quickly reduced to 50% FP. As the fuel burnup
deepens, in order to keep �I within the operation diagram, the power reduction should
be gradually reduced to 70% FP. When the fuel burn-up is high enough (80% EOL),
using the direct rod insertion method to reduce the power will cause the �I to exceed
the right boundary. The power can be reduced by boronization and then rod insertion.
When the fuel burnup deepens to 90% EOL, in order to quickly reduce the power to
50% FP, it is recommended to stay for a certain time after boronization. When the fuel
consumption reaches EOL, if the core reduces the power rapidly to 70%PN, no matter
how long it stays, �I is uncontrollable. At this time, it is recommended that the unit
be reduced to more than 80% FP. The quantitative research of this paper is carried out
between the CRF pump cooling capacity and the core power. It is of reference value
for core control for rapid power reduction during CRF pump and cold source response
failure.
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Abstract. Deep burnup and high minor actinides (MA) loading are two alluring
features for molten salt reactors (MSR) to incinerate the nuclear wastes. The
transmutation capability of minor actinides in MSR is tightly related with the
neutron spectrum, the loading of MA and the carrier salt compositions. In this
work, three MSR core designs (thermal, epithermal and fast) and two types of
salt compositions (Flibe and Flinak) with different solubility limits of transuranic
elements are chosen for analyzing the transmutation capability of MA. With a
significantmole fraction ofMA loading (4% in the Flibe salt and 10% in the Flinak
salt) and the continuous MA refueling, MSR acquires an excellent transmutation
rate. The specific incineration rates ofMA in the thermal, epithermal and fastMSR
coreswith theFlibe salt are about 167, 185 and206kg/GWth/y, respectively.With a
larger loading ofMA in the Flinak salt, a higher annual incineration rate ofMAcan
be obtained, which are about 170, 206 and 247 kg/GWth/y in thermal, epithermal
and fast MSRs, respectively. On the other hand, since there is a preferred neutron
economy for the Flibe salt, a higher MA incineration ratio is achieved than that for
the Flinak salt. When the neutron spectrum varies from the thermal to fast region,
the MA incineration ratio ranges from 0.79 to 0.82 for the Flibe salt and it ranges
from 0.75 to 0.81 for the Flinak salt. The transmutation capability of MA in MSR
is much higher than that in solid-fueled reactors (~20 kg/GW.y in a PWR), which
can provide a feasible way for reducing the current nuclear wastes.

Keywords: Molten Salt Reactor ·Minor Actinides · Transmutation Capability ·
Incineration Rate · Incineration Ratio

1 Introduction

Minor actinides (MA) in the spent fuel of the current pressurized water reactors (PWRs),
namely neptunium (Np), americium (Am) and curium (Cm), are the main long-lived
radioactive waste in the long term, which is one of the most severe issues associated
with sustainable nuclear energy development [1–4]. Until now, transmutation is con-
sidered to be an effective way for nuclear waste management and tremendous works
have been devoted to achieving a high transmutation capability of MA in different types
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of reactors, such as PWR, Gas-cooled Fast Reactor (GFR), Lead-cooled Fast Reactor
(LFR), Sodium-cooled Fast reactor (SFR) and Accelerator Driven Sub-critical System
(ADS) [5–8].

Molten salt reactor (MSR) is an old concept but has been gathered many attentions
in recent years due to its special features [9, 10]. One of the most alluring advantages
in MSR is that it operates with a liquid fuel, which permits an arbitrary core design
and a flexible reprocessing system. Furthermore, the molten salt is capable to dissolve
various fissile fuels (eg. enriched uranrium, 233U and transuranium elements (TRUs)),
which is convenient to implement different types of fuel cycles in an MSR [11, 12]. A
closed nuclear fuel cycle is expected to be realized and the utilization of nuclear fuel
can be significantly improved due to the effective burning of minor actinides in anMSR.
TheMOlten Salt Actinide Recycler & Transmuter (MOSART) was first proposed by the
Kurchatov Institute of Russia within the International Science and Technology Center
project 1606 (ISTC#1606) with aims to effectively transmute TRUs [13]. A series of
studies have been conducted to demonstrate the feasibility of MOSART for reducing
TRU radiotoxicity. Afterwards, another fast spectrum MSR concept of the Molten Salt
Fast Reactor (MSFR), which was proposed by the Centre National de la Recherche
Scientifique (CNRS) to achieve a high thorium breeding ratio, was also applied to inves-
tigate the feasibility of TRU transmutation [14]. Recently, some thermal spectrumMSR
concepts are also put forward to evaluate the possibility of TRU transmutation [15, 16].

Fig. 1. Geometrical description of the three MSR cores

In an MSR, the MA transmutation capability is tightly related with the neutron
spectrum and the MA loading in the core. The dominant transmutation way for MA is
varied with the neutron spectrum since the fission and capture cross sections ofMA have
significant discrepancies with the neutron energy. In addition, different types of carrier
salt compositions have various TRU solubility limits, which have a direct influence on the
MA loading in MSR. In this paper, it is aimed to evaluate the transmutation behaviors of
MAwith different neutron spectra and various MA loadings in MSR, which can provide
a reference for realizing various transmutation objects for different MA elements. Three
typical MSR cores (thermal, epithermal and fast) are proposed to compare the MA
transmutation capability. Meanwhile, two typical molten salt compositions (Flibe and
FlinaK) which have different TRU solubility limits are selected to analyze the influence
ofMA loading on the transmutation capability. Furthermore, the radiotoxicity and safety
parameters are also analyzed in detail.
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A general description of the thermal, epithermal and fast MSRs and the calculation
tools is presented in Sect. 2. In Sect. 3, the MA transmutation capabilities in the three
MSR cores with two types of molten salts are first analyzed. And then the neutronic
performances at different burnups in the thermal, epithermal and fast MSR cores are
presented and discussed. The conclusions are given in Sect. 4.

2 General Description of the Geometry Models and Calculation
Tools

2.1 Description of the Thermal, Epithermal and Fast MSRs

In the past, a series of MSR core designs ranging from the thermal to fast neutron spec-
trum have been conducted to achieve a high thorium breeding ratio in our research group
[11, 12]. This work extends three typical reactor core configurations, corresponding to
thermal, epithermal and fast spectrum cores, respectively. The geometrical descriptions
for the three cores are shown in Fig. 1. In an MSR, the power density is a vital parameter
to determine the main neutronic behaviors. Therefore, a constant thermal power of 2500
MWth and a constant fuel volume of about 46.2 m3 are designed for the three cores,
respectively. Therein, two thirds of the total fuel volume is located in the core salt chan-
nels, the upper and lower plena, and the other one third is located in the heat exchangers,
pipes and pumps.

Fig. 2. Neutron spectra of the three cores

The core parameters are detailed in Table 1. For the thermal and epithermal MSR
cores, the reactor core is a cylindrical geometry assembled with graphite hexagons and
surround by the graphite reflectors. The radii of the fuel salt channel in each graphite
hexagon are designed as 3 cm and 7.5 cm to obtain thermal and epithermal spectra,
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respectively. In the fast MSR, the graphite reflector is replaced by nickel-based alloy
to prevent nuclear fissions from being decentralized to reactor’s borders. To maintain a
constant fuel volume in the core, the dimension for the three MSRs varies from each
other, which is designed by keeping the height and the diameter equivalent. The radial
reflector with 0.5 m thickness and the axial reflectors with 1.3 m thickness are designed
around the core for the three cores to improve the neutron economy. The neutron spectra
of the three core configurations fueledwith Th-232 andU-233 are shown in Fig. 2, which
are shown as typical thermal, epithermal and fast neutron spectra.

Table 1. Main parameters of the three MSR cores

Parameters Core 1 Core 2 Core 3

Thermal power (MWth) 2500 2500 2500

Fuel volume (m3) 46.2 46.2 46.2

Fuel channel radius (cm) 3 7.5
—

Active core diameter/height (m) 8.6 4.6 3

Plena height (m) 0.09 0.3 0.75

Radial/axial reflector thickness (m) 0.5/1.3 0.5/1.3 0.5/1.3

Reflector material Graphite Graphite Nickel-based alloy

2.2 Selection of Salt Compositions

The MA loading in the core is an important factor that determines the transmutation
capability, which is a major restriction on achieving a high transmutation rate in solid-
fueled reactors. In MSR, there is no fuel rod fabrication which extends the feasibility of
MAmass loading. However, the solubility limit of TRU in themolten salt is an important
restriction on the MA mass loading. Therefore, choice of the fuel salt is also one of
the most important tasks for the MA transmutation since the solubility limit of TRU
is tightly dependent on the molten salt compositions. In the past decades, the physico-
chemical properties of various salt compositionswere researched for selection of fuel and
coolant compositions forMSR.Until now, there are three typical carrier salts proposed in
different MSR designs, which are Flibe, Fli, and Flinak, respectively [19]. The Flibe salt
with 99.995% of Li-7 enrichment has excellent neutron economy, and has been widely
used in various MSRs. The PuF3 solubility limit for the fuel compositions of 77% LiF–
17%BeF2–6%ThF4 is 4.0%. The Fli carrier salt removes BeF2 to accommodate a higher
fraction of actinide tetrafluorides, which has been selected as the fuel compositions in
the molten salt fast reactor (MSFR) (78% LiF–22% ThF4) for Th breeding and MA
transmutation. The 78% LiF–22% ThF4 fuel salt has a worse neutron economy but has a
higher solubility limit (5.2%) than the Flibe salt. Compared to the Flibe and Fli salts, the
Flinak carrier salt has the highest solubility of actinides but the worst neutron economy
due to the large absorptions of Na-23 and K-39. For the composition 46.5% LiF, 11.5%
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NaF and 42% KF, the solubility limits for ThF4, UF4, PuF3 and AmF3 are as high as
37.5%, 45%, 30%, and 43%, respectively. In this work, the Flibe and Flinak carrier salts
are selected for comparing theMA transmutation capability with different MA loadings.

The initial MA mole fraction for the Flibe salt is loaded with its limit value of 4.0%
while 10% of MA is loaded for the Flinak salt in the thermal, epithermal and fast MSR
cores. Th-232 and U-233 are used as the fertile and fissile fuels in the three MSR cores
due to the very low TRU production. To enhance the MA transmutation rate and to
ensure the stability of fuel salt simultaneously, MA including Np, Am and Cm are fed
online into the core to keep the total inventory of MA and Pu constant during the entire
operation. Furthermore, Th-232 and U-233 are also fed into the fuel salt continuously
to maintain the criticality of reactor and keep the total heavy metal inventory in the fuel
salt constant.

The MA compositions come from the spent fuel of current light water reactors
(LWRs), which are mainly composed of Np-237, Am-241, Am-243, Cm-243, Cm-
244 and Cm-245 in the proportions of 56.2%, 26.4%, 12%, 0.03%, 5.11% and 0.26%,
respectively [4].

2.3 Calculation Tools

The SCALE6.1 code system, which has powerful functions for criticality, depletion and
shielding calculations for critical reactors, was used to establish the simulation model of
the MSR core [17]. Meanwhile, the molten salt reactor reprocessing system (MSR-RS)
developed by our research group was applied to simulate the characteristics of online
refueling and reprocessing in MSR. In this paper, the MSR-RS sequence is also used
to calculate MA transmutation in MSR [18]. MA is fed continuously to enhance the
transmutation rate and the feeding MA inventory is adjusted by keeping the total TRUs
inventory constant to assure the TRU fraction in the fuel salt below the solubility limit.
Meanwhile, the total heavy metal mass in the core is always kept constant by feeding
Th-232 and U-233 during the entire operation time. The 238-group ENDF/B-VII cross
section database is selected, and 388 nuclides are tracked in trace quantities in this
simulation which contains most of the nuclides in the fuel cycle chain with very deep
burnup.

3 Results and Discussion

To evaluate the MA transmutation capability of the thermal, epithermal and fast MSRs,
the neutron spectra and fission/capture cross sections of MA varying with different MA
loadings are first analyzed. Then the transmutation capability and the radiotoxicity of
TRU are evaluated in detail. Finally, the related safety parameters will be discussed.

3.1 Neutron Spectra Variation with Addition of MA into the Fuel Salt

Neutron spectrum is a key core parameter which determines the MA transmutation
performances mainly through the capture and fission reactions. When MA is refueled
into the fuel salt, the neutron spectra in the three MSR cores will have a different shift
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due to the variation of cross sections of MA in different neutron energies. In further, the
neutron spectrum change will have an influence on the fission/capture cross sections of
MA. The neutron spectrum variations with MA addition at the beginning of life in the
three MSR cores are displayed in Fig. 3. One can be seen that the neutron spectra in the
thermal, epithermal and fast MSR cores harden significantly with addition of MA into
the fuel salt. Furthermore, the variation in the epithermal core is more obvious than those
in the other two cores as most of MA have strong resonance absorptions. In addition, the
neutron spectrum with the Flinak salt shifts to a slightly fast region due to the parasitic
absorption of Na-23 and K-39.

Fig. 3. Neutron spectrum variations with MA loading in the three cores

3.2 Transmutation Capability in the Three MSR Cores

To evaluate the transmutation capability of MA in anMSR, several parameters are intro-
duced, namely the specific MA incineration consumption (SIC), the MA incineration
ratio (TR) and the disappearance rate (DR) of each element in MA. The SIC is defined
as

SIC = MA(T = 0) +MA(feeding) −MA(residue) − HN (residue)

P × T

where MA(T = 0), MA(feeding), MA(residue) and Pu(residue) denote the initial MA
loading, the online MA feeding and the MA residue, respectively. The HN residue in the
fuel salt is the total TRU inventory except MA. P is the thermal power of MSR, while T
is the entire operation time.

The TR is another important parameter for evaluating theMA incineration efficiency,
which is defined as the ratio of the incinerated MA mass to the total loaded MA mass
and calculated by

TR = MA(T = 0) +MA(feeding) −MA(residue) − HN (residue)

MA(T = 0) +MA(feeding)

In addition, the disappearance rate (DR) of each element in MA is also applied to
evaluate the transmutation capability of Np, Am and Cm in the thermal, epithermal and
fast MSR cores, which is defined as

DR(i) = M (i)(T = 0) +M (i)(feeding) −M (i)(residue)

(M (i)(T = 0) +M (i)(feeding)) × P × T



662 C. Zou et al.

where M (i)(T = 0), M (i)(feeding) and M (i)(residue) represent initial loading, the
online feeding and the residue inventory of element i, respectively.

Table 2. SIC and TR for two salts in the three MSR cores

scenario Flibe Flinak

Core1 Core2 Core3 Core1 Core2 Core3

MA initial loading (t) 22.0 22.0 22.0 28.9 28.9 28.9

MA feeding (t) 41.3 45.1 50.4 41.5 49.7 60

SIC (kg/GWth.y) 167 185 206 170 206 247

IR 0.79 0.81 0.82 0.75 0.78 0.81

With 4% of MA in the Flibe salt and 10% of MA in the Flinak salt, the initial
MA inventories are loaded as about 22 tons and 28.9 tons for the Flibe and Flinak salts,
respectively. During thewhole operation, the total TRU inventory is always kept constant
to maintain the TRU fraction below the solubility limit. Therefore, the incinerated MA
inventory is dependent on the feeding amount of MA. During the 100-year operation,
the total MA feeding inventory with the Flibe salt ranges from 41.3 to 50.4 tons in the
thermal, epithermal and fast MSR cores while it varies from 41.5 to 60 tons with the
Flinak salt for the three cores. The STC and TRwith Flibe and Flinak salts in the thermal,
epithermal and fast MSR cores during 100-year operation are presented in Table 2. As
most TRUnuclides have preferred fission ability in the fast neutron spectrum,which is an
efficient way for MA incineration, a preferred MA transmutation capability is achieved
in the fast MSR core for both of the two salts. One can be seen that the SICs with the
Flibe salt for the three MSR cores at the end life of 100-year operation are 167, 185 and
206 kg/GWth.y, respectively. Due to the higher loading of MA for the Flinak salt, higher
SICs are achieved correspondingly in the thermal, epithermal and fastMSR cores, which
are 170, 206 and 247 kg/GWth.y, respectively. The discrepancy of SIC for the two salt
compositions is more obvious in the fast spectrum due to the fact that the core with
the Flinak salt hardens the spectrum more efficiently than that with the Flibe salt, which
benefits the fission ability of most TRU nuclides and facilitates theMA incineration rate.
The IR is an important parameter that evaluates the transmutation efficiency of MA. The
IR variances of the SIC among the three MSR cores are similar for both of the two salts.
However, the IR with the Flinak salt is lower than that with the Flibe salt, especially in
the thermal MSR core. This is because that there is an inferior neutron economy in the
Flinak salt with significant capture cross sections of Na-23 and K-39, especially in the
thermal energy region. With the high MA loading and the feasibility of online refueling,
MSR can attain an alluring transmutation efficiency of MA with the TR over 0.75,
which means that more than 75% of MA loaded in the core is incinerated. The DR is an
important indicator to evaluate the transmutation capability of a single element, which
is displayed in Fig. 4. It can be seen that Np has a higher DR than the other two MA of
Am and Cm as Np has a higher fraction in MA and a larger absorption cross section than
those of Am and Cm, which ranges from 120.7 to 141.9 kg/GWh.y with the Flibe salt
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and from 122.1 to 163.3 kg/GWh.y with the Flinak salt in the above three cores. The DR
of Am is inferior to that of Np due to a lower mass loading, a smaller absorption cross
section and a significant production from Pu. In the transmutation chains, a significant
amount of Cm will be accumulated by successive neutron captures and β decays from
Np, Pu and Am, which impedes the DR of Cm significantly except its own low mass
loading.

Fig. 4. DRs of Np, Am and Cm with Flibe and Flinak salts in the three MSR cores

3.3 TRU Evolution and Radiotoxicity

In the transmutation chains of MAs, the disappearance ways differ significantly in dif-
ferent neutron energies. Some MAs such as Np-237, Am-241 and Am-243 with larger
capture cross sections than their fission ones in the thermal region are transmuted by
capturing neutrons consecutively to form Pu-239, Am-242, Am-242m, and Cm-245with
very large fission cross sections. In the fast neutron spectrum, most MA can be trans-
muted by fissions with higher fission cross sections than the capture ones. Therefore, the
TRU evolution varies significantly with the neutron spectrum, which imposes a variation
on the radiotoxicity.

Figure 5 and Fig. 6 display the evolutions of the Pu isotopes and new created MA
for the Flibe salt in the three MSR cores, respectively. One can find that the produced
Pu isotopes are the majority of the new created nuclides, whose production rates are
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Fig. 5. Evolutions of the Pu isotopes with Flibe salt for the three cores during 100-year operation

Fig. 6. Evolutions of theMA isotopes with Flibe salt for the three cores during 100-year operation
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as high as about 116, 130 and 129 kg/y for the thermal, epithermal and fast cores,
respectively. For the Pu isotopes, there are two main reaction chains to produce Pu-238
from Np-237 and Am-241 by successive (n, γ) and β/α decay reactions. In further, Pu-
239 produced from the Pu-238 capture has a large fission cross section, which is the
major disappearance way for Pu-239. Hence, the inventories of the higher Pu isotopes
which are mainly produced by Pu-239 capture are much less than Pu-238. It can be
seen in Fig. 5 that Pu-238 accounts for the majority of the transmuted products as the
source nuclides of Np-237 and Am-241 are the main isotopes of the initial MA with
the fraction of as high as about 86.2%. On the other hand, the accumulated inventory
of Pu-238 in the epithermal core is higher than the other two cores due to the fact that
most TRU have significant capture resonances in the epithermal region than in the fast
region and the total loading of MA in the epithermal core is higher than that in the
thermal core. The evolutions of the other Pu isotopes also reveal significant variations
because of the different reaction cross sections andMA loadings. At the end of 100-year
operation, the mass fraction of Pu-238 in the Pu isotopes is 44.4%, 57.6% and 44.9% in
the thermal, epithermal and fast MSR cores, respectively, which is advantageous from
the view point of non-proliferation. Similarly, the evolutions of new created MAs in the
three cores reveal a significant variation which is tightly related with the MA loadings
and the neutron spectrum. The production rate of the new created MA is 3.5, 4.7 and
5.5 kg/y for the thermal, epithermal and fast MSR cores, respectively, which is much
lower than that of the Pu isotopes.

Fig. 7. Evolutions of the total radiotoxicity with Flibe and Flinak salts in the three MSR cores

The radiotoxicity is an important parameter to evaluate the effect of radionuclides
to human health by ingestion or digestion, which is defined as:

R(t) =
∑

i

Ri(t) =
∑

i

riλiNi(t)

where Ri(t) represents the radiotoxicity of nuclide i at time t in unit of Sv; ri refers to the
effective dose coefficient in Sv/Bq by ingestion for the public [20], which depends on the
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decaymode and the emitted energy of particles; λi andNi(t) represent the decay constant
and atoms of nuclide i, respectively. In the SCALE6.1 software system, the ORIGEN-S
module is feasible to calculate the radioactivity of each nuclide and the radiotoxicity is
calculated with multiplying the effective dose coefficient by the radioactivity of each
nuclide.

To evaluate the radiotoxicity of MA with different MA loadings in the thermal,
epithermal and fast MSR cores, the total radiotoxicities of MA and the radiotoxicities
of Np, Am and Cm at the beginning and end of lifetime are chosen for discussion. One
can see from Fig. 7 that the total radiotoxicitiy of MA for the Flibe salt in the three
different MSR cores after 100-year operation is reduced significantly, about 45% lower
than that at the beginning of lifetime. For the total radiotoxicity of MA, the highest
contribution is from Cm because of the high dose coefficients of most Cm isotopes
and their daughter products even though the total Cm inventory is extremely small (as
shown in Fig. 8). For this reason, the total radiotoxicity of MA for the three different
cores are very similar since the difference of the MA inventory can be negligible. Due
to a significant accumulation of Np-238 with a very short half-life, the radiotoxicity of
Np at the end of lifetime is increased slightly in the first 100 years, which is decreased
rapidly in the following decay time and is about 80% lower than that at the beginning
of lifetime. Am has a significant reduction on radiotoxicity, with more than an order
of magnitude lower than that at the beginning of lifetime, which is the major factor to
decrease the total radiotoxicity of MA.

Fig. 8. Evolutions of the MA radiotoxicity with Flibe salt in the thermal MSR core

3.4 Evaluation on Safety Parameters

To evaluate the influence of MA loading on the reactor safety of the thermal, epithermal
and fast MSR cores, two important parameters of the temperature feedback coefficient
(TFC) and the effective delayed neutron fraction (βeff ) are analyzed in this work.
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The TFC is an essential indicator for the inherent safety issues, which is required
to be negative during the whole lifetime of the reactor. The total TFC in a reactor is
calculated as the sum of the fuel TFC and the moderator TFC. In further, the fuel TFC
can be broken down into the Doppler effect and the fuel salt expansion.

Fig. 9. Evolutions of the TFC with Flibe and Flinak salts in the three MSR cores

Fig. 10. Evolutions of the TFC with Flibe salt in the thermal MSR core

The evolutions of the TFC for different MA loadings in the three MSR cores are
displayed in Fig. 9. One can be seen that the total TFC is significantly related with the
neutron spectrum and slightly varied with the evolutions of the fuel compositions. To
evaluate the contribution of TFC from fuel density, fuel Doppler and graphite, the three
items of TFC for the Flibe salt in the thermal core are exampled for discussion, as shown
in Fig. 10. For theMA from the spent fuel of PWR, theMAnuclides except Cm-245 (with
the mole fraction in MA of 0.26%) are poisonous to reactivity, especially in a thermal
region. Furthermore, Np-237 at 0.5 eV and Am-241 at 0.3 eV, 0.6 eV and 1.1 eV reveal
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significant capture resonance cross sections (>1000 barns), respectively, which is benefit
for decreasing the TFC as the MA captures with a Doppler broadening can counteract
the increased fissions of fissile nuclides with the fuel temperature increasing. In addition,
when the graphite temperature is increased, the Maxwellian spectrum shifts to a higher
energy region, where it is closer to the strong capture resonance cross-sections of MA.
Hence, a negative graphite TFC with the value as low as about−26.6 pcm/K is obtained
at the beginning of lifetime. During operation, the thermal neutron spectrum hardens
gradually as the continuous feeding of MA, which is gradually away from the capture
resonances of MA and increases the graphite TFC. The total TFC for the Flibe salt in
the thermal MSR core which is mainly influenced by the graphite effect varies from −
26.6 pcm/K to be an equilibrium value of about−8 pcm/K. As there is a minor variation
on the neutron spectrum with the Flibe salt and Flinak salt, little differences on the total
TFC are caused with the two different salt compositions in the same MSR core. For the
epithermal MSR core, the negative effect of the graphite TFC tends to be weakened as
the neutron spectrum is far away from the capture resonances of MA. The total TFC is
around −5 pcm/K during the entire operation time. As there is no moderator in the fast
MSR core, the total TFC is just the sum of the fuel doppler and the fuel density effects.
Therefore, the total TFC is higher than the other two cores but always keeps negative
with the value of about −2.5 pcm/K.

βeff is another important parameter for both kinetics reactivity controlling safety and
static reactor physics experiments. It can be defined as the ratio of the average delayed
neutron number and the total average fission neutron number:

βeff =
∑

i νD(i)Rf (i)∑
i(νD(i) + νP(i))Rf (i)

where νD(i) and νP(i) denote the average delayed neutron number and the average
prompt neutron number per fission for actinide i, respectively. When regarding a reactor
involved with various heavy nuclides, the contribution of actinide i to the total βeff can
be separated as:

βeff (i) = νD(i)Rf (i)∑
i(νD(i) + νP(i))Rf (i)

Figure 11 presents the total βeff evolutions for different MA loadings in the thermal,
epithermal and fast MSR cores. For all the cases, the total βeff is quickly decreased in
the first 20-year operation and then increased gradually during the remaining 80 years.
To explore the source of the variation of βeff , the separate contributions of the main
actinides in the case of 4% MA in the Flibe salt for the thermal MSR are evaluated,
which is listed in Fig. 12. One can see that the βeff of U-233 at the beginning of the
lifetime is as high as 274 pcm, which accounts for the vast majority of the total βeff (287
pcm). This is because that U-233 contributes the majority of fissions in the thermal core.
When the neutron spectrum hardens, more U-233 is required which increases the total
βeff correspondingly. Furthermore, an inferior neutron economy for the Flinak salt also
requires more fissile fuels for criticality. Therefore, when the neutron spectrum ranges
from thermal to fast, the initial total βeff rises from 287 pcm to 298 pcm for the Flibe
salt while it increases from 289 pcm to 315 pcm for the Flinak salt. During the first
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Fig. 11. Evolutions of the total βeff with Flibe and Flinak salts in the three MSR cores

Fig. 12. Evolutions of the βeff contribution of main nuclides with Flibe salt in the thermal MSR
core

20-year operation, several fissile isotopes (Pu-239, Pu-241, Cm-245) transmuted from
MA are quickly accumulated which weakens the requirement of U-233 significantly. As
the single βeff of Pu-239, Pu-241 and Cm-245 are much smaller than that of U-233, the
total βeff decreases correspondingly during the first decades of operation. Since most
of the TRU nuclides have a higher ratio of fission to capture in a fast neutron spectrum,
the requirement of U-233 is reduced in further. Hence, the total βeff decreases more
rapidly when the neutron spectrum hardens. The total βeff increases gradually to be
an equilibrium state in the remaining 80-year operation due to the accumulated fissile
isotopes except U-233.



670 C. Zou et al.

4 Conclusions

In this paper, the MA transmutation capabilities with different MA loadings for thermal,
epithermal and fast MSRs are evaluated. TheMA transmutation characteristics with two
types of carrier salts and three neutron spectra are compared and discussed. The effects
on neutron spectrum, SIC, TR, DR, radiotoxicity and safety parameters are analyzed.

With a significant amount of MA loading into the fuel salt, the thermal, epithermal
and fast neutron spectra are all moved to a faster region due to the large captures of
most MA. Benefiting the online refueling, MSR can attain a high MA transmutation
capability. One can be concluded that the SICs with the Flibe salt (4% MA in the fuel
salt) for the three MSR cores at the end life of 100-year operation are 167, 185 and
206 kg/GWth.y, respectively. With a higher loading of MA for the Flinak salt (10%
MA in the fuel salt), higher SICs are achieved in the thermal, epithermal and fast MSR
cores, which are 170, 206 and 247 kg/GWth.y, respectively. MSR can attain an alluring
transmutation efficiency of MA with the TR over 0.75. In addition, the IR with the
Flinak salt is lower than that with the Flibe salt, especially in the thermal MSR core,
because that there is an inferior neutron economy in the Flinak salt with significant
capture cross sections of Na-23 and K-39, especially in thermal energy region. With
little production source, high mole faction and large captures, Np has the highest DR in
three MA elements, which ranges from 120.7 to 141.9 kg/GWh.y with the Flibe salt and
from 122.1 to 163.3 kg/GWh.y with the Flinak salt in the three different MSR cores.
With an effective transmutation capability, the total radiotoxicitiy of MA after 100-year
operation is reduced significantly, about 45% lower than that at the beginning of lifetime.

Two safety parameters of TFC and βeff are also evaluated. The total TFC is signif-
icantly varied with different neutron spectra and MA loadings but all are located in a
negative region. The total TFC in the thermal MSR is varied obviously from below −
20 pcm/K to about −7.5 pcm/K during 100-year operation because the thermal neutron
spectrum is tended to be a faster region with the online refueling of MA which weakens
the effects of MA capture resonances. The total TFC for the epithermal MSR is kept
around −5 pcm/K during the entire operation time while it is about −2.5 pcm/K for
the fast MSR. The total βeff is decreased firstly in the initial 20-year operation and then
increased gradually to be an equilibrium state in the remaining 80-year operation. The
total βeff at the equilibrium state varies from about 298 pcm to 329 pcm for all cases.

In conclusion, it is feasible to transmute MA in an MSR and achieve the goals of
reduction of MA long-term radioactive hazards. A higher SIC is obtained with a higher
MA loading for the Flinak salt while a higher TR is achieved with a better neutron
economy for the Flibe salt.
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Abstract. To maximize their adaptability and versatility, research reactors are
designed to adapt to various operational conditions. These requirements result
in more complex configurations and irregular geometries for research reactors.
Besides, there is usually a strong coupling of neutronics-thermal hydraulics (N-
TH) fields inside the reactor. A three-dimensional N-TH coupling code has been
developed named CENTUM (CodE for N-Th coupling with Unstructured Mesh).
Steady-state and transient neutronic analyses are performed using a 3D triangular-
z nodal transport solver with the stiffness confinement method (SCM). Mean-
while, thermal-hydraulics calculations adopt a multi-channel model. For a pre-
liminary verification of the code, we examine CENTUM with benchmark prob-
lems including TWIGL, 3D-LMW, and NEACRP. CENTUM produces maximum
power errors of −1.27% and −0.45% for the TWIGL A1 and A2 cases, respec-
tively. For the 3D-LMW benchmark, the largest relative power error of 3.84% is
observed at 10 s compared with the reference SPANDEX code. For the NEACRP
N-TH coupling benchmark, CENTUM results in a 0.35 ppm error in critical boron
concentration, a 2.16 °C discrepancy in the fuel average Doppler temperature,
and a 0.63% overestimation in the maximum axial power. Moreover, transient
results considering thermal-hydraulics feedback are in good agreement with the
PARCS reference solutions, with the maximum relative power deviation being
only 0.055%.

Keywords: Reactor Kinetics · Stiffness Confinement Method ·
Neutronics-Thermal Hydraulics Coupling · Safety Analysis · Research Reactor

1 Introduction

Research reactors have served as the workhorse for nuclear fuel and material irradiation
testing, and they can also be used for secondary missions such as isotope production and
electricity generation. They serve as research, development, and demonstration platforms
for fuels, materials, and other critical components. To maximize their adaptability and
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versatility, research reactors are designed to adapt to a variety of operational conditions.
These requirements result in more complex configurations and irregular geometries for
research reactors than for conventional PressurizedWater Reactors (PWRs) and Boiling
Water Reactors (BWRs). Direct application of conventional reactor analysis codes to
research reactors is challenging due to their complex geometrical configurations and
high neutron streaming caused by frequent control rod movement. It is noted that geom-
etry complexity is a feature shared by almost all research reactors, which limits the
feasibility of conventional methods based on rectangular or hexagonal meshes. As a
result, the ability to accurately model research reactors require the ability to describe
unstructuredmeshes.Additionally, the local neutron spectrum in a research reactor varies
significantly with position, and frequent control rod operation results in significant neu-
tron flux heterogeneity. Therefore, it is required to solve the neutron transport equation
that can describe the angular anisotropy and to take into account the coupling of various
physical fields in order to accurately simulate the behavior of the reactor. This will surely
use a lot of computational resource during the core’s transient analysis. However, due
to the physical nature of the reactor, the use of conventional numerical methods, such as
implicit Euler method [1] and Runge-Kutta methods [2], encounters serious problems
due to the "rigidity" of the set of equations. Solving with these methods requires very
small time-step sizes in order to ensure the stability of the method, and thus many unnec-
essary information will be computed while the computation continues for long transition
times, leading to a huge waste of computational resources, and may also contain large
cumulative errors. The precursor concentration equation introduced stiffness into the
system, so we employ the stiffness confinement method (SCM) technique to decouple
the neutron flux density equation and the delayed neutron density equation, eliminating
the stiffness introduced by the precursor concentration equation [3].

Due to the strong coupling between reactor neutronics and thermal hydraulics, a
multi-channel model is used to describe the coolant convection and the finite difference
method to calculate the thermal conductivity of the fuel rods, so as to provide feedback
on the cross-section used for the neutronics calculation. CENTUM’s adopts the OSSI
[4] (Operator Splitting Semi-Implicit) method for coupling. Figure 1 depicts the cou-
pling flow of the OSSI method. Each time step begins with a neutronics calculation,
and the power rate for each assembly is transferred to the thermal hydraulics module.
Without iterating, the process enters directly to the next time step after the thermal
hydraulics calculation is finished.

This paper is organized as follows. Section 2 illustrates the steady-state triangular-
z node neutron transport model, the transient SCM method and the thermal hydraulics
models embedded inCENTUM.As a preliminary verification, Sect. 3 presents numerical
verification results using TWIGL, LMW and NEACRP benchmark cases. Specifically,
the TWIGL benchmark and the LMW benchmark are neutronics transient problems,
and the NEACRP is a problem to demonstrate CENTUM’s capability of modeling the
N-TH coupling effect.
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Fig. 1. The OSSI method in CENTUM

2 Methodology

2.1 Triangular-Z Node Neutron Transport Model

Considering isotropic scattering and using SN method, the three-dimensional multi-
group neutron transport equation in the triangular prism can be written as [5]:
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(2.1)

Here, μm, ηm, ξm are the components of the angular direction m on the x, y, z axes; m
is a certain angular direction after using SN discretization; Q̂g(x, y, z) is The neutron
source term includes fission sources and scattering sources (cm−3·s−1); �m

g represents

the neutron angular flux density of the g group in the m direction (cm−2·s−1). Usually,
the solved triangular node is arbitrary, and it needs to be transformed into a unified
coordinate system (Fig. 2).

Using the coordinate transformation, we obtain the equation as:
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The nodal balance equation is given by:
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ψ
m
i is the averaged outgoing surface flux in the x, u, v directions, as is shown in

Fig. 1; ψ
m
z± are the outgoing surface averaged flux of the upper and lower sides of the

node;ψ
m
is the averaged flux in the node. The transport computation is performed using

a specific sweeping and source iteration approach.

2.2 Transient Neutronic Model

For solving transient problems, CENTUM adopts the SCM [6]. By considering that the
dynamic frequency of the angular flux is isotropic:

ωg(r, t) = ∂

∂t
ln ϕg(r, t) (2.4)

where ωg(r, t) is the flux dynamic frequency of group g; ϕg(r, t) is the scalar flux of
group g.

The flux dynamic frequency can be further decomposed into the shape frequency
ωs,g(r, t) and the amplitude frequency ωt(t).

ωg(r, t) = ωs,g(r, t) + ωt(t) (2.5)

Similarly, the precursor frequency of group i is defined as:

μi(r, t) = ∂

∂t
lnCi(r, t) (2.6)
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Inserting (2.4) and (2.6) into the 3-D multigroup time-space neutron transport equa-
tion within a triangular-z prism, the time-dependent neutron transport equation can be
transformed into an equation for solving the eigenvalue problem:
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kD is the dynamic eigenvalue; �′
t,g is the dynamic total cross-section and χ ′

g is the
dynamic fission spectrum, which are respectively defined as:

�′
t,g(r, t) = �t,g(r, t) + ωg(r, t)

vg
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χ ′
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χigλi
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(2.9)

Here, vg represents the neutron velocity of the g group. The unknown quantities are
the flux dynamic frequency and the precursor frequency. Solving for kD iteratively by
Eq. (2.7), combined with the secant method, we get amplitude frequency:
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Based on the isotropic approximation, the average scalar flux in the nodal ν is used
to update the node wise shape frequency:

ων,S,g(tn) = 1

	tn
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in which �
ϕν,g is the flux normalized according to the neutron density; ων,S,g(tn) is the

average shape frequency within [t, t + 	t]. Meanwhile the actual flux can be written as:

ϕν,g(r, t) = �
ϕν,g(r, t)e

ωT (tn)+ωT (tn−1)
2 	tn (2.12)

Assume that the precursor concentration is uniform within each node, the analytical
solution for the precursor concentration is expressed as:

Cν,i(tn) = Cν,i(tn−1)e
−λi	tn + βie

−λi	tn

∫ tn

tn−1

Qν(t)e
λi tdt (2.13)

where βi is the share of group i precursor, λi is its decay constant;Qν is the the node-wise
fission source. Combined with Eq. (2.13) the precursor frequency can be updated by:

μν,i(tn) =
{

βi
Qν (tn)
Cν,i(tn)

− λi Cν,i(tn) �= 0

0 Cν,i(tn) = 0
(2.14)
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After obtaining the flux frequency and the precursor frequency, we can iteratively
Solve kD by adjusting dynamic total cross-section and the dynamic fission spectrum
by using Eq. (2.8) and (2.9). The neutronics transient solving process is shown below
(Fig. 3).

Start

initialization

Solving for kD

Does kD

converge?

Is the last 
time step?

End

Update dynamic 
frequency

Adjusting dynamic  
sections

NO

YES

t=t+1

YES

NO

Fig. 3. Flowchart of the transient calculations with SCM

2.3 Thermal Hydraulics Model

In the N-Th coupling process, the thermal hydraulics calculation is used to obtain the
thermal hydraulic parameters of the fuel rods and moderator. These parameters are then
used to calculate the effect on the cross-sections used for the neutronics calculations.

2.3.1 Moderator Thermal Hydraulics Equation

CENTUM solves the thermal-hydraulics field using multi-channel models. The one-
dimensional thermal hydraulics equations are expressed as follows [7]:

Moderator mass conservation equation:

∂

∂t
(ρ)+ ∂

∂z
(ρu) = 0 (2.15)
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Moderator energy conservation equation:

∂

∂t
(ρh) + ∂

∂z
(ρuh) = Qf (2.16)

Moderator momentum conservation equation:

∂

∂t
(ρu) + ∂

∂z
(ρu2) + ∂Pfric

∂z
+ gρ + ∂P

∂z
= 0 (2.17)

Moderator control equations are solved using a parallel multi-channel model, the
flow distribution is based on equal pressure drop in each parallel multi-channel where
the inlet and outlet are at the same isobaric surface. The time derivative term is treated
with the full-implicit backward difference method and the space variables are treated
with the finite difference method.

2.3.2 Fuel Rod Heat Transfer Equation

In a one-dimensional cylindrical coordinate system, ignoring the effect of the axial
direction, Fuel rod heat transfer equation as shown below [8]:

ρc
∂T

∂t
+ d2T

dr
+ 1

r

dT

dr
+ Q

λ
= 0 (2.18)

where T is the distribution of temperature; Q is the volumetric heat release rate of the
fuel; λ, ρ and c are the thermal conductivity, density and heat capacity of the fuelmaterial
respectively. These properties change with temperature.

The spatial variable in the thermal conductivity equation is treated by the finite
difference method. The cylindrical geometry from the inside to the outside are taken
successively as the fuel zone, the air gap zone and the cladding zone. For the time
discretization, the Crank-Nicholson implicit difference method is used, where θ equals
0.5 in Eq. (2.19).
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By discretization, the following tridiagonal matrix can be obtained:
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in which n is the node number; an, bn, cn and qn are constants related to the geometry,
material and the temperature distribution at the previous time step.
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3 Results and Discussion

The primary purpose of this section is to verify CENTUM’s the transient function.
TWIGL and LMW benchmark problem are mainly to verify the neutronics model of
CENTUM, and NEACRP is to verify the N-Th coupling function. All results are eval-
uated with the angular discretization order of S2. The triangular-z nodes are generated
by Gmsh. All calculations are performed on a personal computer with a 2.90 GHz Intel
i7-10700 CPU processor useing serial computation.

3.1 TWLGL Benchmark Problem

This section illustrates the preliminary verification of CENTUM using a simplified two-
dimensional two-group dynamics benchmark problem with one set of precursor dynam-
ics parameters [9, 10]. The core consists of three fuel zones forming a square core with
a side length of 160 cm, and the fuel assembly size is 8 cm × 8 cm. The geometric
arrangement of the core is shown in Fig. 4. The outer boundary condition of the origi-
nal problem is a zero-flux density boundary, and since the transport calculations cannot
handle this type of boundary, vacuum boundary conditions are used instead. The total
number of triangular meshes used in the calculation is 400 as shown in Fig. 5, with one
radial layer, and reflection boundary conditions are set on the upper and lower surfaces.

Fig. 4. Layout of the TWIGL problem

The calculation area is 1/4 of the core, and the transient process lasts for 0.5 s.
The original problem includes two delayed supercritical problems, A1 and A2. The
two problems introduce perturbation ramp and stepwise, respectively. For A1 and A2
problems, two sets of reference values are used, one is the transport calculation result
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Fig. 5. Mesh of TWIGL benchmark in CENTUM

of UTK’s improved quasi-static method code TDTORT; the other is the diffusion cal-
culation result of the time direct discrete nodal code SPANDEX which adopts the θ

method with a time-step sizes of 0.1 ms [9, 10]. As can be seen from the results in Fig. 6,
the results of CENTUM (S2) agree well with TDTORT (S4), while the results of both
transport codes are higher than the diffusion code. This discrepancy is mainly due to the
zero-flux boundary condition used for the diffusion calculation, which leads to the core
internal total power value being slightly smaller for the same perturbation case.

(a) A1 (b) A2 

Fig. 6. Results of the TWIGL A1, A2 problem

To further compare the effect of time-step sizes on the calculation results, Table 1,
Table 2 gives the normalized power values for the A1, A2 problems.

Compared with TDTORT, the results of CENTUM (20 ms) are in good agreement in
both cases, the maximum deviation of the A1 case is 3.83%, and the maximum deviation
of the A2 case is 0.41%. And the results obtained by CENTUM using the two time-step
sizes are consistent, it show that CENTUM ensures acceptable accuracy even with large
time-step sizes.
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Table 1. Comparison of core relative powers for the TWIGL A1 problem

Time (s) TDTORT CENTUM CENTUM Err (%)

	t = 5ms 	t = 20ms Vs. 	t = 5ms Vs. 	t = 20ms

0.0 1.000 1.000 1.000 0.00 0.00

0.1 1.304 1.313 1.313 0.70 0.71

0.2 1.909 1.982 1.982 3.83 3.83

0.3 2.104 2.103 2.103 −0.03 −0.03

0.4 2.122 2.121 2.120 −0.03 −0.07

0.5 2.137 2.140 2.139 0.12 0.11

Table 2. Comparison of core relative powers for the TWIGL A2 problem

Time (s) TDTORT CENTUM CENTUM Err (%)

	t = 5ms 	t = 20ms Vs.	t = 5ms Vs.	t = 20ms

0.0 1.000 1.000 1.000 0.00 0.00

0.1 2.079 2.089 2.087 0.46 0.41

0.2 2.106 2.107 2.106 0.04 0.00

0.3 2.124 2.125 2.123 0.05 −0.03

0.4 2.147 2.143 2.141 −0.18 −0.26

0.5 2.158 2.161 2.160 0.15 0.10

In CENTUM, the neutron density of the core is given by Eq. (2.12). The amplitude
frequency determines the overall power of the core. From Fig. 7, it can be found that the
longer the time step, the more obvious the oscillation of the amplitude frequency.

When the time-step sizes is increased, the solution of the amplitude frequency will
deviatemore from the true value. CENTUMuse the average of the amplitude frequencies
at time t and t+	t to approximate the amplitude frequency of the time period [t, t + 	t].
Affected by this characteristic, when iteratively solves the amplitude frequency at time
t+	t, it will be affected by the amplitude frequency of the previous time step. Eventually,
the amplitude frequency at large time-step sizes fluctuate around the true value. So in the
end we can get accurate results as long as the average between the two time steps is close
to the true value, this feature can effectively reduce the cumulative error. However, when
the time-step sizes is too large and the reactivity changes sharply, the average amplitude
frequency at two time points cannot reflect the real change very well.
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Fig. 7. Amplitude frequencies at different time-step sizes in TWIGL A1

3.2 3D-LMW Benchmark Problem

The 3D-LMW is a 3D diffusion benchmark [9, 10], which contains six sets of delayed
neutron dynamics parameters, and the outer boundary is a vacuum boundary. In this
paper, the calculation is performed with a quarter-core model. Figure 8 and 9 depict the
problem’s radial and axial geometrical arrangements, respectively. The motion of two
groups of control rods is what causes the transient process: at the start of the transient,
the first group of rods are inserted into the middle of the core at a height of 100 cm from
the bottom, and the second group rods are withdraw from the active core; between 0.0 s
and 26.666 s, the first group rods were lifted out of the active area of the core at a speed
of 3.0 cm/s, and the second group rods were gradually inserted into the core from 7.5 s
to 47.5 s. CENTUM uses spatial volume weights to deal with the cuspate effect of the
control rods.

The size of the LMW assemblies is 20 cm × 20 cm. In CENTUM calculations, a
total of 468 triangular meshes are divided radially, as shown in Fig. 10, and the axial
200 cm is divided into 10 layers. The entire transient process lasts for 60 s, and the
reactivity changes during the process are slight, so a large time-step sizes of 0.5 s chosen
for calculation.

The calculation results shown in Fig. 11. The two sets of reference solutions used
for comparison are diffusion codes. The relative power trend of CENTUM is in good
agreement with the reference solution, the largest relative power error of 3.84% occurs at
10s compared with SPANDEX [9, 10]. However, at this time step, the deviation between
SPANDEX and SIMULATE is also quite significant. Likewise, this difference attributed
to the discrepancy between the transport method and the diffusion method.
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Fig. 8. Radial layout of the LMW problem

Fig. 9. Axial layout of the LMW problem

3.3 NEACRP Benchmark Problem

The NEACRP rod ejection benchmark includes two types of reactors, i. e. pressurized
water reactor and boiling water reactor. It is mainly used for the verification of the
neutronics-thermal hydraulics coupling codes of the light water reactor core [11]. The
PWR benchmark refers to the geometric size and operating state of a typical PWR.
The core consists of 157 assemblies, each measuring 21.606 cm in width. The fuel
assemblies are made up of assemblies with various numbers of absorber rods and fuels
with various levels of enrichment. Reflectors are set on the periphery region of the
core. In the axial direction, the height of the active core is 367.3 cm. The control rod
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Fig. 10. Mesh of LMW benchmark in CENTUM

Fig. 11. LMW transient results

has a length of 363.195 cm, the height of the bottom of the absorbent rod when fully
inserted is 37.7 cm, and the height when fully ejected is 401.183 cm. The cross section
at a numerical node with control rod is determined by adding the cross section 	�CR

contributed from the control rod to the cross sextion without control rod [11]:

�withCR = �withoutCR + p	�CR (3.1)

where p is the relative insertion in the node, i.e. 0 � p � 1.
The problem contains a total of 6 operating conditions. For simplicity, we select

problemA2 as an example to demonstrate the accuracy ofCENTUM.CaseA2 represents
the HFP (hot full power, 2775 MW) condition of the reactor, and the control rods in the
center position (blue area in the Fig. 13) are ejected. In case A2, the central control rod
eject to the top from a height of 196.12 cm from 0 ms to 100 ms.
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There are 18 layers in the axial direction, with heights of 30 cm 7.7 cm, 11 cm,
15 cm, 30 cm * 10, 12.8 cm * 2, and 8 cm, which are the same as PARCS [12] used for
reference. As shown in Fig. 12, Centum is divided into a total of 790 triangular meshes in
the radial direction, while PARCS is divided into 205 squares of 10.803 cm * 10.803 cm.
In CENTUM’s Thermal-HydraulicsModel, a fuel assembly is equivalented as a channel,
Axial meshing consistent with neutronics module. The entire transient process lasts for
5 s. CENTUM sets the time-step sizes to 5 ms at 0 s–1 s and 20 ms at 1 s–5 s.

Fig. 12. Mesh of NEACRP benchmark in CENTUM

Fig. 13. The layout of case A2
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For the steady-state coupling results, the critical boron concentration deviation of the
two codes is 0.35 ppm, and the fuel average Doppler temperature deviation is 2.16 °C.
Both of these are aggregate parameters of the core, so theymatch up well. Themaximum
fuel temperature difference is 30 °C. By comparing the axial power distribution in
Fig. 14, it can be found that the maximum axial power of CENTUM is 0.63% higher.
Figure 14 also shows the deviation of the radial power distribution,which is higher for the
CENTUMouter assemblies compared to PARCS. The difference in power distribution is
themost important reason for the difference inmaximum fuel temperature. The transport
method can better handle the various anisotropies of the angles, plus CENTUM uses a
vacuum boundary condition, while PARCS uses a zero-flux boundary condition, all of
which can lead to differences in the power distribution.

Fig. 14. Comparison of radial and axial power distribution between CENTUM and PARCS at
steady-state

As can be seen in Fig. 15, the results of CENTUM are in good agreement with
the PARCS reference solutions, with the maximum relative power deviation being
0.055%. Because CENTUM adopts the OSSI method, each neutronics calculation uses
the thermal-hydraulic calculation results of the previous time step. This results in a
delayed feedback to the neutronics calculation, which can also be observed in Fig. 15.
The temperature rise curve of the coolant outlet is slightly deviated, which is mainly
caused by the slightly different description of the coolant channel between the two codes
(Table 3).
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Fig. 15. Transient calculation results of CENTUM for A2

Table 3. Comparison between CENTUM and references results for case A2

Parameter Critical boron
concentration
(ppm)

Fuel
maximum
power (at 0
s, °C)

Average
Doppler Fuel
Temperature
(at 0 s, °C)

Time of
power
peak (s)

Power
peak (%)

Final coolant
outlet
temperature
(at 5 s, °C)

PARCS 1158.86 1672 546.61 0.09 108.14 325.03

CENTUM 1159.21 1702 548.77 0.1 108.20 325.80

Err 0.35 30 2.16 0.01 0.060 0.77

4 Conclusions

In this study, the CENTUM code is developed to analyses steady-state and transient
neutronics problems using a 3D triangular-z nodal transport solver with the SCM.Mean-
while, the N-TH coupling calculation can be carried out using the multi-channel model.
For neutron dynamics calculations, CENTUM agrees well with the references in the
TWIGL and LMW benchmarks. The maximum errors with the TWIGL A1, A2 refer-
ence solution are−1.27% and−0.45%, respectively, when using a 20ms time-step sizes.
The maximum error with the LMW reference solution is 3.84%, and the time-step sizes
set is 0.5 s. The results show that SCM can maintain good accuracy in longer time-step
sizes, which can effectively reduce computing resources.

A preliminary comparison with PARCS shows that CENTUM can accurately simu-
late the core N-Th coupling process. It should be noted that all test cases are based on
Cartesian geometry assemblies which cannot reflect the complex geometrical design of
research reactors. We will preserve the verifications and applications of CENTUM on
research reactors as an important research direction in the future work.
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Abstract. For the prediction of the internal physical process of SIMONS (Small
Innovative helium-xenon cooled MObile Nuclear power Systems), this research
created a coupled three-dimensional high-fidelity calculation platform of the
neutronics/ thermo-elasticity analysis called FEMAS (FEM based Multi-physics
Analysis Software forNuclearReactor). This platformallows for themulti-physics
coupling calculations of neutron diffusion/ transport, thermal diffusion, and ther-
mal elasticity. It is based on the open-source Monte Carlo code OpenMC and
the open-source finite element codes Dealii and Fenics. In this paper, a simplified
SIMONS reactor core is analyzed using the coupling platform. The results demon-
strate that the coupling platform is capable of accurately predicting the effective
multiplication factor change curve, power and temperature distribution, and ther-
mal expansion phenomenon of SIMONS.With 240 kWof thermal power, the local
temperature difference of the whole reactor is 390.1 K, and thermal stress-related
deformation occurs at a rate of 2.4%. The reactivity feedback caused by the mono-
lith’s heating and thermal expansion is 30.5 pcm. Leveraging the high-precision
computing hardware, this platform can assess the core performance to ensure that
the core design satisfies the design criteria of ultra-long life and inherent safety.

Keywords: Multi-physics Coupling · Numerical Simulation · Mobile Nuclear
Power Systems · Thermal Expansion · Finite Element Method

1 Introduction

In some circumstances, a micro transportable nuclear reactor power system can function
as an independent micro-grid that can offer a long-term, high-power emergency power
supply. It will lessen the loss of life and property due to power outages, helping in
communication, transportation, the military, medicine, natural disaster rescue and many
other industries, offering a wide range of application prospects in the future.

At present, the United States has carried out projects such as the Prometheus [1],
eVinci [2], and Holos reactors [3]. Reactors have been designed using a wide variety of
cutting-edge technologies aiming at output powers ranging from kilowatts to megawatts.
In China, Tsinghua University has designed a 200-kW gas-cooled reactor with power
called IGCR-200 [4].
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Designed to be packaged in an ISO container and transported by truck or train, the
design of the core of the micro transportable nuclear reactor power system is particularly
important. Compared with regular reactors, mobile reactors have strict restrictions for
size, weight, power-density and lifetime. Besides, it has been demonstrated that the
thermal expansion effect constitutes a significant portion of the reactivity feedback for
micro nuclear reactors [5]. Conventional methods of research and analysis based on a
single physical field and static geometry can hardly meet these needs.

In order to precisely forecast the internal physical processes of SIMONS,
this research developed FEMAS (FEM-based Multi-physics Analysis Software for
Nuclear Reactor), a coupled three-dimensional high-fidelity computation platform for
neutronics/thermo-elasticity analysis. For neutronics, it employs a high-fidelity 3D
multi-group neutron diffusion/ transport model with unstructured grids to estimate the
neutron flux field and heat release distribution of the nuclear reactor core. For thermo-
elasticity, it can establish a 3D thermal diffusion model and stress analysis model to
accurately obtain the temperature field and deformation. This multi-physics platform
enables us to carry out high-precision analysis of neutron physics, heat-conduction,
deformation, providing technical assistance for the core design of the mobile nuclear
reactor power system.

2 Methodology

2.1 Method

2.1.1 Neutronics

The neutronics model of FEMAS is based on the finite element method (FEM) [6] to
support a high-fidelity geometrical modeling of SIMONS. The FEM is a basic strategy
based on “discrete approximation”, a numerical method for solving Partial Differential
Equations (PDEs).As an illustration, consider the steady-state neutron diffusion equation
of a two-group [7]:

L� + S� = 1

λ
F� (1.1)

where

L =
⎛
⎝−�∇ ·

(
D1 �∇

)
+ �a1 + �s12 0

0 −�∇ ·
(
D2 �∇

)
+ �a2

⎞
⎠, S =

(
0 0

−�s12 0

)
,

F =
(

ν�f 1 ν�f 2

0 0

)
, � =

(
φ1

φ2

)
, χ =

(
1
0

)

where φ is the neutron flux, D is the diffusion factor, �s is the scattering cross section,
ν�f is the neutron production cross section, and χ is the fission spectrum. The rest
notations are conventional in the reactor physics field, thus will not be elaborated here.
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By introducing the finite element shape function and theGalerkinmethod, the steady-
state neutron diffusion equation of two-group in finite element form can be obtained as
follows:

Aλφ̃λ = 1

λ
Bλφ̃λ (1.2)

where

Aλ =
(
L11 0
S21 L22

)
, Bλ =

(
F11 F12

0 0

)
, φ̃λ =

(
φ̃λ
1

φ̃λ
2

)

and the matrices elements (a, b) are given by

L11(ab) =
Nc∑
c=1

Dc
1

∫
Vk

�∇Na �∇NbdV − Dc
1

∫
�k

Na �∇Nbd�S + (
�c

a1 + �c
12

) ∫
Vc

NaNbdV ,

L22(ab) =
Nc∑
c=1

Dc
2

∫
Vk

�∇Na �∇NbdV − Dc
2

∫
�k

Na �∇Nbd�S + �c
a2

∫
Vc

NaNbdV ,

S21(ab) =
Nc∑
c=1

−�c
12

∫
Vc

NaNbdV ,

F11(ab) =
Nc∑
c=1

ν�c
f 1

∫
Vc

NaNbdV ,

F12(ab) =
Nc∑
c=1

ν�c
f 2

∫
Vc

NaNbdV .

where Ni and Nj are the shape functions in the finite element. Similarly, this principle
can be applied to the multigroup neutron diffusion equation.

2.1.2 Thermal Conduction

The differential equation of thermal conduction in Cartesian coordinates is:

ρc
∂T

∂t
= div(λ grad(T )) + qv (1.3)

This equation can be cast into the variational form:
∫

�

∇T · ∇vdx =
∫

�

qv
λ
vdx (1.4)

Equation (1.4) can be easily solved with the open-source finite element platform
Fenics, as will be illustrated in Sect. 2.2.
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2.1.3 Thermal-Elasticity

The thermal-elasticity model in FEMAS is based on a perfectly elastic isotropic body
assumption. The relationship between the deformation component (strain: ε) and the
stress component (stress: σ ) is [8]:

σx = λ
(
εx + εy + εz

) + 2μεx

σy = λ
(
εx + εy + εz

) + 2μεy

σz = λ
(
εx + εy + εz

) + 2μεz

τxy = 2μεxy

τyz = 2μεyz

τzx = 2μεzx

(1.5)

where λ and μ are Lame constants. The transformation relationship between them and
elastic modulus E, Poisson’s ratio v is:

λ = vE
(1+v)(1−2v)

μ = E
2(1+v)

Therefore, the expression for stress can be written as:

σ = λ tr(ε)I + 2με (1.6)

where I denotes the identity tensor. The expression for strain can be written as:

εij = 1

2μ

(
σij − λ

3λ + 2μ
σkkδij

)
(1.7)

The stress governing equation of the whole system is:

−∇ · σ = f , in � (1.8)

where σ = λtr(ε)I + 2με, ε = 1
2

(∇u + (∇u)T
)
, and f is the external force per unit

volume in the entire system. Similar as Sect. 2.1.2, the variational form of the stress
equation is:

∫
�

σ(u) : ∈ (v)dx =
∫

�

f · vdx (1.9)

Temperature variations induce deformations in elastically unrestrained solids. There-
fore, mechanical and thermal processes form the global strain field. In the context of the
theory of linear small deformation, the total strain can be decomposed into the sum of
mechanical and thermal components as:

εij = ε
(M )
ij + ε

(T )
ij (1.10)

For isotropic materials,

ε
(T )
ij = α(T − To)δij (1.11)
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where α is the linear thermal expansion coefficient of the material.
Therefore, the expression for the total strain is:

εij = 1 + v

E
σij − v

E
σkkδij + α(T − To)δij (1.12)

Thus, the linearized thermoelastic constitutive equation can be given by:

σij = λεkkδij + 2μεij − (3λ + 2μ)α(T − To)δij (1.13)

Similar to the elasticity equation, the weak form of the thermal expansion equation
can be obtained as:

∫
�

σ(u) : (v)dx =
∫

�

f · vdx (1.14)

2.2 Coupling Framework

In order to achieve high-precision simulation of full reactor, this research developed the
multi-physics calculation platform FEMAS, integrated open-source codes (OpenMC,
Dealii and Fenics) based on the external coupling framework.

The iteration process goes as follows:

(1) Use OpenMC to perform neutron transport simulation and obtain a cross-section
library.

(2) Based on the pre-set temperature distribution and geometric parameters in cold
state, use Dealii to perform multi-group neutron diffusion calculation, thus getting
the spatial distribution of power.

(3) Given the boundary conditions of the helium-xenon cooling channel and the spatial
distribution of power, the temperature distribution was calculated by solving the
thermal diffusion equation using Fenics.

(4) Combined with the temperature field and the mechanical boundary conditions, the
structural displacement is obtained by solving the thermo-elasticity equation using
Fenics.

(5) Update the geometry, density and cross sections of the model.
(6) Dealii then performs the neutron diffusion calculation again. The steps above

are repeated until certain physical quantities meet the convergence criteria or the
execution reaches the maximum number of iteration steps (Fig. 1).
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Fig. 1. Schematic view of the coupling framework

2.3 Model

2.3.1 Model

To meet the demand for terrestrial transportable nuclear reactor power supply, this
research takes the overall conceptual design of SIMONS as the test case. SIMONS
is designed to be an intelligent micro land-based transportable nuclear reactor featuring
small size, high power density and inherent safety. Its thermal power is 20 MWe and it
can operate continuously for 3300 EFPDs without refueling.

As a preliminary test of the coupling platform, a simplified scaling model of the
SIMONS core is employed to reduce the computational cost. The scaled core exhibits a
prismatic core design, using graphite as the monolith material. There are several holes
in the monolith with a hexagonal arrangement to accommodate fuel rods and coolant.
The overall height of the core is 30 cm, and the overall radius is 23 cm. The axial-radial
schematic diagram of the core is shown in Fig. 2.

Fig. 2. Schematic diagram of the core

The operating parameters, geometric information and material selection of the
simplified SIMONS modeling are shown in Table 1.
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Table 1. Simplified SIMONS design parameters

Parameters Value Unit

Operating parameters

Thermal power 0.24 MW

Helium-xenon volume ratio 88:12 /

Coolant channel wall temperature 1000 K

Geometry

Fuel diameter 1.5 cm

Coolant channel diameter 0.9 cm

Fuel pitch 1.5 cm

Number of fuel rods 61 /

Number of Coolant channels 138 /

Fuel height 10 cm

Monolith radius 13 cm

Radial reflector width 10 cm

Axial reflector height 5 cm

Material

Fuel UC /

Monolith Graphite /

Reflector Be /

Coolant Helium-xenon /

2.3.2 Neutronics

The coupling calculations employ a high-fidelity modelling approach by explicitly
describing all the rods and holes using three-dimensional unstructured meshes. Homog-
enized cross sections are generated using two-dimensional OpenMC calculations for
every material zone. This research uses a four-group structure which is divided as:

1) Group-1 (497.87 keV–20 meV)
2) Group-2 (9.11882 keV–497.87 keV)
3) Group-3 (0.625 eV–9.11882 meV)
4) Group-4 (0 eV–0.625 eV)

The cross sections are stored as data tables with considering different fuel andmono-
lith temperatures. During the neutronics calculations, the cross sections for eachmaterial
zone are updated using linear interpolation method. The cross sections of fuel are only
related to the temperature, while those of monolith are dependent on both temperature
and density.
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Due to the simplification of the core design, setting vacuum boundary conditions
will make the keff too small. Therefore, the reflective boundary condition is imposed on
the outer boundaries in the calculation. Figure 3 shows the mesh used in the neutronics
calculation.

Fig. 3. Meshes used in neutronics simulation

2.3.3 Thermo-Elasticity

Figure 4 depicts the mesh used in thermo-elasticity calculations. In the heat diffusion
calculation, it is assumed that the thermal conductivities of the fuel and the monolith
are constant. Currently, the coolant channels are treated as Dirichlet boundaries, and
subsequent work will consider the heat transfer portion of the flow in the channel. Based
on the temperature distribution obtained by solving the thermal diffusion equation, the
thermal expansion calculation can be performed.

3 Results

3.1 Coupling Results

In the coupling calculation, the maximum number of iterations is set to 10. In fact,
between the second and third steps, the keff error dropped below the predetermined
convergence threshold (1e−5). However, the iteration step is set to 10 in order to study
the characteristics of the coupled calculation results in greater detail. The results of
various fields of neutronics/thermos-elasticity coupling calculations are shown in the
Fig. 5.

The 3D four-group neutron flux distribution is shown in Fig. 6. It can be observed that
the fast neutron flux are generated in the fuel rods, while thermal neutrons presents at the
periphery of the active core due to the strong thermalization effect of the Be reflectors.

For the fuel region, based on the aforementioned neutron flux distribution and the
combined total power, the heat release rate then can be calculated. Through thermal
diffusion calculation, the temperature distribution of the simplified SIMONS can be
obtained, shown in Fig. 7. Maximum temperature difference across the whole reactor is
390.1 K.
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(a) monolith

(b) Full Core

Fig. 4. Meshes used in thermos-elasticity simulation

Fig. 5. 2D Results of neutronics/ thermos-elasticity coupling calculation (H = 15 cm)
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Fig. 6. Neutron flux distribution

Fig. 7. Temperature distribution

According to the temperature field, the effective temperature of the fuel rod can
be calculated, shown in Fig. 8. The results indicate that the fuel rods on the periphery
have the highest temperatures due to the thermalization of neutrons in the reflector.
Within the fuel rod, the middle of it has the highest temperature. This is because given
the reflective boundary condition, the neutron fluxes of the third and fourth groups are
predominantly spread outside the core, resulting in a higher power here. Moreover, The
hot spot locations are also attributed to less numbers of surrounding coolant channels
than other fuel locations.

Figure 9 depicts the thermal expansion calculation results. It reveals that the max-
imum displacement is about 0.09 cm, and the core expands radially from the center to
the periphery. Graphite’s linear thermal expansion coefficient is quite small, hence the
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Fig. 8. Equivalent temperature of each fuel

thermal expansion impact is not as pronounced compared to other solid reactors. How-
ever, it still creates a succession of reactive feedback, geometric expansion, and other
effects worthy of our consideration.

Fig. 9. Magnitude of structure displacement distribution

3.2 Thermal Results Analysis

Figure 10 illustrates the convergence diagram and monolith geometrical parameters for
multi-physics calculations. At the first step, the keff is calculated by directly applying
the OpenMC-generated cross section in the diffusion calculation, yielding a value of
1.65501. Meanwhile, at the last step, the value of keff is 1.65471. Comparing their keff
values reveals that the adoption of thermo-elasticity calculation results in a 30.5 pcm
decrease in reactivity because of the enhanced neutron leakage effect. Regarding the
monolith’s geometric specifications, its radius expanded from 13 cm to 13.08 cm, and
its height increased from 10 cm to 10.06 cm. Consequently, its density is lowered to
97.6% of its original value.
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Fig. 10. Convergence diagram of keff and geometry

4 Conclusion

In response to the research and development requirements of innovative helium-xenon
cooledmobile nuclear power systems, this research developed a three-dimensional high-
fidelity multi-physics coupling platform FEMAS. This platform is built on the Picard
iteration and incorporates the open source OpenMC, Dealii, and Fenics codes, which
enables the multi-physics modeling of neutronics/ thermoelasticity.

Simultaneously, based on the scaled model of SIMONS, this research preliminarily
concludes a series of simulations and analyses, including from theOpenMCcross-section
generation, reactor modeling, and multi-physics simulations. The results demonstrate
that the coupling platform can predict the power distribution, temperature distribution
and thermal expansion of SIMONS. Given 240-kW of thermal power, the local tem-
perature difference of the whole reactor is 390.1 K, and the deformation rate caused by
thermal stress is 2.4%, and the reactivity feedback due to heat conduction and thermal
expansion is 30.5 pcm.

In the era of high-precision computing, this platform can evaluate the core per-
formance of the core to guarantee that the design of the core meets the standards for
ultra-long life and inherent safety.

Acknowledgement. This research is supported by National Key R&D Program of China under
grant number 2020YFB1901900, and National Natural Science Foundation of China (NSFC)
[12175138].
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Abstract. Operating conditions in the liquid metal fast reactor, like higher power
density, higher temperature gradient, and higher burnup, are more severe to the
fuel rod comparing to the light water reactor. The integrity and safety of the fuel
rod is very essential to the reactor safety. In this study, the fuel rod designed for
M2LFR-1000, which is a typical pool type lead cooled fast reactor, is evaluated
using a fuel performance analysis code namedKMC-Fueltra. Irradiation behaviors
and material properties for the MOX fuel and T91 cladding are established and
introduced into the code. The steady-state performance of the fuel rod is analyzed.
Results concerning both fuel and cladding performance are discussed based on
indicative design limits collected from the open literatures. This study is useful to
improve the conceptual design of the M2LFR-1000.

Keywords: Conceptual design · Fuel rod performance · Lead-cooled fast
reactor ·M2LFR-1000 · KMC-Fueltra

1 Introduction

Ensuring the integrity and safety of the fuel rod, which is the core component in the
reactor, is the most essential issue in the design of a nuclear reactor [1]. For the fast
reactor, the power density, temperature gradient and burnup are higher than light water
reactor. This brings a greater challenge for the fuel rod in the fast reactor.

Many materials have been developed and studied in order to meet the above charac-
teristics of fast reactors. Material properties and irradiation behaviors are implemented
into the fuel performance code to evaluate their performance in the specific reactor.
Considering the transmutation and proliferation, MOX fuel has been widely used in fast
reactors. The claddingmaterial aremainly stainless steel. One is austenitic stainless steel;
the other is ferritic martensitic stainless steel. Due to the better thermal creep resistance,
the austenitic steel 15-15-Ti has been chosen to be the claddingmaterial in the ALFRED,
MYRRHA and ASTRID reactors [2]. Marcello extended the TRANSURANS code [3]
and it is adopted for the simulation of the fuel and cladding performance covering the
average and the hottest reactor conditions in the ALFRED reactor [2]. 316SS is also used
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in fast reactors like JOYO and EBR-II [4], but the it has poor compatibility with lead
coolant. Corrosion with lead coolant should be considered at certain coolant velocity and
temperature in the lead cooled fast reactor. Benefit from the good corrosion resistance
to the lead coolant, T91 is selected as the cladding in 1000Mth Medium-size Modu-
lar Lead-cooled Fast Reactor (M2LFR-1000) [5]. In order to ensuring the safety of the
reactor, the integral performance of the fuel rod design should be investigated under the
operational condition in M2LFR-1000.

In this paper, material properties and irradiation behaviors of MOX fuel and T91
cladding are incorporated into the fuel performance codeKMC-Fueltra. Thewidely used
failure mechanism and design limits of some important parameters applicable for the
fast reactors are collected from the public literatures to evaluate the fuel rod design. The
steady-state performance of the fuel rod in M2LFR-1000 is studied using KMC-Fueltra.
Results are discussed and some improvements are suggested.

2 Material Properties

Material properties are of great importance to the fuel performance analysis. The thermal
and mechanical properties of theMOX fuel and T91 cladding implemented in the KMC-
Fueltra are presented in this part. The main point is put on the basic material properties.
The unique irradiation behaviors did not list but can be found in the former work.

2.1 MOX Fuel

(1) Thermal conductivity

Many correlations have been proposed for MOX fuel concluded from the fresh or
irradiation fuel data. A wide set of factors like fuel temperature, burnup, plutonium
content, stoichiometry, and porosity have effects on the MOX fuel thermal conductivity.
Magni et al. [6] assessed the most recent and reliable experimental data statistically and
proposed anewcorrelation for theMOXfuelwith above factors taking into consideration.
The correlation of thermal conductivity for the fresh MOX fuel is:

k0(T , x, [Pu], p) =
(

1

A0 + Ax · x + APu · [Pu]+ (B0 + BPu[Pu])T
+ D

T 2 e
− E

T

)

(1− p)2.5
(1)

where T is the temperature, K ; [Pu] is the plutonium atomic fraction; p is the porosity
fraction; Considering the thermal conductivity of degradation at certain burnup values,
the correlation after the irradiation is:

kirr(T , x, [Pu], p, bu) = kinf +
(
k0(T , x, [Pu], p) − kinf

) · e− bu
ϕ (2)

where k0(T , x, [Pu], p) is the fresh MOX thermal conductivity; bu is the burnup,
GWd/tHM ; kinf asymptotic thermal conductivity, W/m/k; ϕ is the fitted coefficient,
GWd/tHM ; Parameters used in this correlation is listed in the Table 1.



Study on the Steady-State Performance of the Fuel Rod in M2LFR-1000 705

Table 1. Parameters in the correlation

Parameters Value

A0 (m · K/W ) 0.01926

Ax (m · K/W ) 1.06× 10−6

APu (m · K/W ) 2.63× 10−8

B0 (m/W ) 2.39× 10−4

BPu (m/W ) 1.37× 10−13

D (W/m/k) 5.27× 109

E (k) 17109.5

kinf (W/m/k) 1.755

ϕ (GWd/tHM ) 128.75

(2) Young’s modulus and Poisson’s ratio

Young’s modulus of MOX fuel is related to the Pu content and stoichiometric state
[7]. The relation can be expressed as:

E = E(UO2) · (1+ 0.15wPu)exp(−Bx) (3)

where B is constant, 1.34 for the hyper-stoichiometric fuel and 1.75 for the hypo-
stoichiometric fuel; x is the deviation from stoichiometry; wPu is the weight fraction
of PuO2; E(UO2) is the Young’s modulus of UO2 and can be denoted as:

E(UO2) = 2.334× 1011[1− 2.752(1− D)]
(
1− 1.0915× 10−4

)
· T (4)

where D is the theoretical density fraction; T is the temperature, K .
Possion’s ratio of MOX fuel is given as a function of the weight fraction of PuO2:

v(MOX ) = wPu · v(PuO2) + (1− wPu) · v(UO2) (5)

v(PuO2) = 0.276+ T − 300

2800
(0.5− 0.276) (6)

v(UO2) = 0.316+ T − 300

2800
(0.5− 0.316) (7)

where v(UO2) and v(PuO2) is the Possion’s ratio of UO2 and PuO2 respectively; T is
the temperature, K ; wPu is the weight factor of PuO2.

(3) Thermal expansion

Thermal expansion of the MOX fuel is obtained by weight factor of different
components [8].

εth(MOX ) = (1− wPu) · εth(UO2) + (wPu) · εth(PuO2) (8)
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where, εth is thermal expansion, %;wPu is the weight factor ofPuO2. Thermal expansion
of UO2 and PuO2 is expressed by:

εthi = K1 · T − K2 + K3exp

(
−ED

kT

)
(9)

The subscript i takes 1 and 2, which represent UO2 and PuO2, respectively.
Parameters used in this correlation is listed in the Table 2.

Table 2. Parameters used in thermal expansion model

Parameters UO2 PuO2

K1(K−1) 9.8× 10−6 9.0× 10−6

K2 2.61× 10−3 2.7× 10−3

K3 3.16× 10−1 7.0× 10−2

ED (J) 1.32× 10−19 7.0× 10−20

(4) Creep model

Creep can effectively release the stress caused by irradiation behaviors like swelling
and thermal expansion in the fuel, which can protect the fuel from reaching the safety
limits [9]. Creep of the MOX fuel is divided into two parts: thermal creep and irradiation
creep [4]. Thermal creep is composed of diffusional creep and dislocation creep and is
expressed as follows:

ε·th = 3.23× 109 · σeff

a2
exp

(
−Q1

RT

)
+ 3.24× 106 · σ 4.4

eff · exp
(
−Q2

RT

)
(10)

where ε·th is the fuel thermal creep rate, 1/h; a is the grain size,μm; σeff is the equivalent
stress,MPa;Q1 = −92500 andQ2 = −136800 are activation energy; R is the universal
gas constant.

Irradiation creep is denoted as;

ε·irr = 1.78× 10−26σeff · ϕ (11)

where εirr is the fuel irradiation creep rate, 1/h; ϕ is the fission rate, fission/
(
m3 · s).

2.2 T91 Cladding

(1) Thermal conductivity

Thermal conductivity of the cladding is denoted as a function of temperature as
follows [10]:

k = 21.712+ 0.011T − 9.5483× 10−6T 2 + 3.627× 10−9T 3 (12)

where T is the temperature, K .
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(2) Young’s modulus and Poisson’s ratio

Young’s modulus of the cladding is a function of temperature and can be expressed
as [11]:

E = 2.11458× 105 − 21.24 · T − 7.94× 10−2 · T 2 (13)

where E is Young’s modulus, Mpa; T is the temperature, °C, with the range of
applicability in 20 < T < 760 °C.

Possion’s ratio of the cladding is set as a constant:

v = 0.3 (14)

(3) Thermal expansion

Thermal expansion of the cladding is expressed as [10]:

εth = �L

L
= −3.0942× 10−3 + 1.1928× 10−5 · T − 6.7979× 10−9 · T 2 + 7.9606

×10−12 · T 3 − 2.546× 10−15 · T 4

(15)

where εth is thermal expansion, %; T is the temperature, K .

(4) Creep model

Similar to the MOX fuel, creep model of the cladding is also divided into two parts:
thermal creep and irradiation creep. Thermal creep is expressed as [11]:

ε̇th = Aσ nexp(−Q/RT ) (16)

where Q = 728± 35 kJ/mo l is the activation energy; n = 5.
Irradiation creep is expressed as:

ε·irr = 1.8× 10−22ϕv(t) · σeq (17)

where ϕv(t) is the neutron flux rate, n/
(
cm2 · s); σeq is the equivalent stress, Mpa; t is

the time, h.

(5) Plasticity model

Plasticity is an important aspect in the fuel rod mechanical performance, which is
related to the fuel failure highly. Plasticity model of the cladding is denoted as a function
of temperature [11].

σy = 536.1− 0.4878 · T + 1.6× 10−3 · T 2 − 3× 10−6 · T 3 + 8× 10−10 · T 4 (18)

where σy is the yield stress,Mpa; T is the temperature, °C, with the range of applicability
in 20 < T < 700 °C.
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(6) Cumulative damage function

Fuel rod failure time is a critical parameter to the reactor safety. Predicting this
parameter as accurately as possible is one of the main tasks of fuel performance analysis.
The traditional cumulative damage function (CDF) is used to evaluate the fuel rod failure.

CDF =
∑n

i=1

�t

tr(σi,Ti)
(19)

where �t is the time step, s; tr(σi,Ti) represents time to failure at certain stress and
temperature. It can be calculated by the Larson-Miller parameter (LMP) [12], defined
as:

LMP(σ ) = T
(
C + log10 tr

)
(20)

For the T91 cladding, the LMP is fitted by the polynomial function.

LMP(σ ) = 38387.008− 84.880σ + 0.403σ 2 − 1.15× 10−3σ 3 + 1.254× 10−6σ 4

(21)

where σ is the equivalent stress,Mpa; C is set as 33.

3 Model Implementation

3.1 Description of M2LFR-1000

The 1000MWth Medium-size Modular Lead-cooled Fast Reactor (M2LFR-1000) is a
typical pool-type fast reactor developed byUSTC [5]. It adopts a rod-shaped fuel element
design. The pellet is MOX with Pu enrichment about 20%, the cladding is T91 stainless
steel and the coolant is lead. The operating temperature is 400–480 °C. The main design
parameters of the fuel rod are outlined in Table 3.

Table 3. Fuel specifications for M2LFR-1000

Property Value

Fuel type MOX

Cladding type T91

Coolant type Pb

Fuel pellet inner diameter (mm) 1.9

(continued)
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Table 3. (continued)

Property Value

Fuel pellet outer diameter (mm) 8.6

Cladding inner diameter (mm) 8.9

Cladding outer diameter (mm) 10.0

Fuel pellet density (% of TD) 95

Pitch (mm) 14.0

Active fuel height (mm) 1000

Average linear power (W/mm) 20.5

Average neutron flux rate (n/cm2/s) 1.55 × 1015

Initial gas pressure (MPa) 0.5

Plenum to fuel ratio 1.15

Oxygen-to-Metal ratio 1.97

Coolant inlet temperature (°C) 400

Coolant inlet velocity (m/s) 1.5

Coolant pressure (MPa) 0.1

3.2 Introduction of KMC-Fueltra

KMC-Fueltra is a 1.5D fuel performance analysis code designed for the liquid metal
fast reactor. It is applicable for the steady-state and transient operating conditions and
covers typical materials used in LMFRs [13, 14]. Figure 1 shows the flow diagram of
KMC-Fueltra. It can perform the thermal, thermal migration, fission gas release, and
mechanical analysis of the fuel rod. Based on the above calculation results, the fuel rod
failure analysis is also performed. Irradiation behaviors considered in this code contain
thermal expansion, swelling, densification, relocation, cracking-healing, restructuring,
creep, and plasticity for the pellet as well as thermal expansion, swelling, creep, and
plasticity for the cladding. In this article,KMC-Fueltra is used to evaluate the steady-state
performance of the fuel rod in the M2LFR-1000.

3.3 Indicative Design Limits

Design limits are important for the conceptual design of the fuel rod. Luzzi et al. [2] has
concluded some conservative design limits for many important parameters that influence
thermal and mechanical performance from the open literatures. These limits are adopted
for the conceptual design of fuel rods inM2LFR-1000 aswell. Some limits are concluded
from the view of the corrosion and erosion problem of the lead environment, others are
from the material properties or irradiation experiments. Table 4 lists the conservative
design limits of some important parameters.
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Fig. 1. Flow diagram of KMC-Fueltra.
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Table 4. Indicative design limits for M2LFR-1000

Quantity Value

Peak fuel temperature <2300 °C

Peak cladding temperature <550 °C

Maximum coolant velocity <2 m/s

Plenum pressure <5 MPa

Total creep strain <3%

Instantaneous plastic strain <0.5%

Maximum cladding stress <128 MPa

Cumulative damage function <0.2/0.3

4 Results and Discussions

4.1 Thermal Performance

The change of fuel rod temperature with time is shown in Fig. 2. The maximum fuel
pellet temperature is about 1314.4 °C, which appears at the half height of the fuel rod
and is consistent with the axial power distribution. The maximum cladding temperature
is about 529.6 °C, which appears at the top of the fuel rod. The margin to the safety
limits is abundant. The maximum temperature of the fuel pellet becomes larger with
time while the cladding did not show too much change. Burnup effect on the fuel rod
can account for this. Thermal conductivity of the fuel pellet in Eq. 2 gets smaller with
burnup and the gap conductance also decreases at a certain burnup as can be seen in Fig. 3.
These factors lead to the deterioration of heat conduction in fuel rod. Gap conductance
is affected by many factors including the gap with, gas temperature, plenum pressure,
and gas content. Its change depends on which factor is dominant in the operational life.
Due to the swelling in the fuel pellet, the gap width decreases with time, which improves
the gap conduction at the initial stage. However, the gap conductance decreases later
because of the increasing released fission gases.

4.2 Fission Gas Release

Figure 4 gives the change of fission gas release fraction inMOX fuel. At the initial stage,
fission gases diffuse and agglomerate in the fuel matrix with the fission process, so the
release fraction is almost zero. When the fission gases atoms accumulate to a certain
amount in the gas bubbles, the migration process starts. These gas bubbles migrate to the
intergranular and then to the gap under the temperature gradient. The released fission
gases cause the plenum pressure getting larger as shown in Fig. 5. The initial gas pressure
is 0.5 MPa and the maximum plenum pressure is about 1.8 MPa at the end of burnup.
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Fig. 2. Evolution of the fuel rod maximum temperature.

Fig. 3. Evolution of the gap conductance and gap width.

4.3 Mechanical Performance

In addition to the temperature field, the effect of irradiation behaviors on the fuel perfor-
mance is also shown in the deformation of the fuel rod. Figure 6 illustrates the evolution
of fuel rod size. The biggest change is the fuel pellet outer diameter. Irradiation behaviors
that occurwithin the fuel pellet ismore intensewhere the neutron flux is the largest. Ther-
mal expansion and swelling contribute a lot to the expansion of the fuel pellet. Although
densification can decrease the pellet deformation, its contribution is small and it ends
at the initial stage quickly. The size of the cladding does not show too much change
during the entire operational life. Table 5 gives the comparison results of the parameters
with the design limits. The safety margin of fuel pellet temperature is very large while
the cladding is only 20 °C. This should be paid attention in the later optimization of the
fuel rod design. Some burnup related parameters like plenum pressure, total creep strain,
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Fig. 4. Evolution of the fission gas release fraction.

Fig. 5. Evolution of the plenum pressure.

maximum cladding stress and CDF is far from the design limits. Meanwhile, due to the
low stress state, the plastic strain does not appear in the fuel rod. A major reason is that
burnup of the fuel rod, as shown in Fig. 7, is not very large compared to the other fast
reactors of the same type. The maximum burnup is about 4.2 at%. For better economy,
it can enlarge by modifying the reactor design if needed.
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Fig. 6. Evolution of the fuel rod size.

Table 5. Comparison results of the parameters.

Quantity Limits Value

Peak fuel temperature <2300 °C 1314.4

Peak cladding temperature <550 °C 529.6

Maximum coolant velocity <2 m/s 1.5

Plenum pressure <5 MPa 1.83

Total creep strain <3% 0.0565

Instantaneous plastic strain <0.5% 0

Maximum cladding stress <128 MPa 27.4

Cumulative damage function <0.2/0.3 9.622 × 10–11

Fig. 7. Evolution of the fuel rod maximum burnup.
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5 Conclusions

In this paper, the steady-state fuel rod performance in M2LFR-1000 has been studied
using the fuel performance code KMC-Fueltra. Material properties for the MOX fuel
and T91 cladding have been incorporated into the code. An important evaluation model
and some indicative design limits are collected from the open literatures to help find
out the shortcoming of the fuel rod design. The corresponding thermal and mechanical
parameters of the fuel rod are evaluated and discussed. Some important parameters
concerning the thermal and mechanical performance of the fuel pellet and cladding
do not exceed the design limits, proving the safety of the fuel rod design. Even some
parameters are far from the design limits, leaving a lot of room for optimization. Burnup
of the fuel rod in M2LFR-1000 is about 4.2 at%, which is not very deep compared to
fast reactors of the same type. It can also be optimized in the later design process.
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Abstract. In the process of Mixed Oxide (MOX) fuel fabrication, plutonium
grains, called plutonium spots (Pu spots), occur in MOX fuel because uranium
and plutonium cannot be mixed completely. The previous study showed that the
prediction accuracy of criticality is improved by considering the heterogeneity of
Pu spots in MOX fuel in the analysis of some critical experiments. The analysis of
the heterogeneity has been performed by Monte Carlo calculations, to ensure that
core geometry and self-shielding effects are accurately considered in nuclear cal-
culations. However, the results of Monte Carlo calculations are obtained with the
statistical errors, thus the small reactivity worth is difficult to be analyzed. There-
fore, in the previous study, the heterogeneous model by using a method devised by
R. Sanchez was introduced into OpenMOC that is deterministic calculation code.
Although there are numerous sizes of Pu spots in MOX fuel, an only single size of
the grain could be considered in the modified OpenMOC. Therefore, in this study,
the modified OpenMOC code was additionally modified to consider the grain size
distribution of Pu spots.

The calculation result obtained by the additionallymodifiedOpenMOC shows
that the heterogeneous reactivity effect caused by numerous grain sizes of Pu spots
is evaluated at−0.190%�k/kk’ at highly enriched fuels. On the other hand, a het-
erogeneous reactivity effect by single grain size is evaluated at −0.225%�k/kk’.
The additionally modified OpenMOC makes it possible to study the effect of
considering the grain size distribution of Pu spots in MOX fuel.

Keywords: MOX fuel · Pu spots · OpenMOC · GMVP · Heterogeneous model ·
Grain size distribution · Heterogeneous reactivity effect

1 Introduction

MOX fuel contains plutonium oxide grains (Pu spots) within the pellet. Pu spots burn
locally and cause a problem with local power distribution in the fuel. Currently, the size
of Pu spots is measured and controlled to ensure that local power distribution does not
occur. The previous studies showed that the accuracy of criticality predictions can be
improved by considering the heterogeneity of Pu spots [1]. The analysis of considering
the heterogeneity of Pu spots is performed by Monte Carlo calculations to consider
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the exact core geometry and self-shielding effects. However, the results of Monte Carlo
calculations are obtained with statistical errors, thus the small reactivity worth is difficult
to be analyzed.

The deterministic calculation is suitable for the analysis of small reactivity worth.
One deterministic approach to treating the self-shielding effect is introducing the reduced
order-modeling [3–6]. Another approach is introducing the heterogeneous model by
using a method devised by R. Sanchez [7–10]. In the previous study, the heterogeneous
model was introduced into theMOC codeOpenMOC [11]. Although there are numerous
sizes of Pu spots inMOX fuel, the heterogeneousmodel in themodifiedOpenMOCcould
consider only a single grain size. Therefore, in this study, the modified OpenMOC code
was additionally modified to consider the grain size distribution of Pu spots, and the
effect of grain size distribution on criticality was investigated.

2 Calculation Method and Condition

2.1 Calculation Flow

The OpenMOC code was modified so that numerous grain sizes can be calculated to
treat the grain size distribution. The calculation flow of the modified OpenMOC code
is shown in Fig. 1. In Fig. 1, the input module was modified to read the numerous sizes
of the grain, and the angular flux calculation function was modified to calculate the
flux in each grain size. At the beginning of the calculation, the escape probabilities and
transmission probabilities required to introduce the heterogeneous model are calculated.

Fig. 1. Calculation flow of modified code



Heterogeneous Reactivity Effect Analysis of Pu Spots 719

2.2 Calculation Condition

This section shows the calculation condition of themodifiedOpenMOC and additionally
modified OpenMOC. The effective cross section is obtained by the collision probability
method (PIJ) of SRAC2006 [12]. 107 energy group structure are used. The fast neutron
energy region is divided into 61 groups, and the thermal neutron energy region is divided
into 46 groups. The modified OpenMOC calculations was performed in the pin-cell
model. The geometry of pin-cell model is shown in Fig. 2. The fuel temperature is
900K and moderator temperature is 600K. JENDL-4.0 is used [13]. U-235 enrichment
of matrix is 0.2wt%. Pu enrichment of each region is shown in Table 1. Isotopic ratio
of Pu is shown in Table 2. The calculations of the modified OpenMOC are performed
under the conditions shown in Table 3.

Fig. 2. Geometry of Pin-cell model

Table 1. Pu enrichment of each region

Fuel type Entire region Grain region Matrix region

High enrichment 10.6% 25.0% 3.0%

Middle enrichment 6.2% 3.7%

Low enrichment 4.5% 3.0%

In this study, the calculations were performed for both the homogeneous model, in
which uranium and plutonium are homogeneously mixed, and the heterogeneous model,
in which Pu spots are included. The effect of Pu spots is expressed as a heterogeneity
reactivity effect. The heterogeneity reactivity effect is defined as the reactivity which is
obtained by changing from the homogeneous model to heterogeneous model. The effect
is defined as:

heterogeneity reactivity effect = 1

k(homogenenousmodel)
= 1

k ′(homogenenousmodel) (1)
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Table 2. Isotopic Ratio of Pu (wt%)

Pu-238 5

Pu-239 55

Pu-240 20

Pu-241 15

Pu-242 5

Table 3. Calculation Conditions on the modified OpenMOC

number of polar angle(π) 3

number of azimuth angle(2 π ) 32

Track Spacing [cm] 0.01

convergence citeria 1.00E–07

2.3 Estimation of Grain Size Distribution

This section shows the conditions related to Pu spots used in the calculations. In this
study, the conditions related to Pu spots are determined based on previously investigated
grain size distribution [14]. The volume fraction and particle size distribution of Pu
spots vary with plutonium enrichment, thus three analyses (analyses for high, middle,
and low enrichment) were performed. In Table 4, the volume fractions of Pu spots at
each enrichment are shown. In Tables 5, 6, and 7, the grain size distribution is expressed
in terms of four grain sizes and the volume fraction of Pu spots at each grain size are
shown.

Table 4. Volume fraction of Pu spots at each enrichment

Fuel type Volume fraction of Pu

High enrichment 30.3%

Middle enrichment 10.1%

Low enrichment 5.8%

Table 5. Volume fraction of each grain size in high enrichment fuel

Grain Size 125 μm 45 μm 25 μm 10 μm

Volume fraction 23.80% 1.49% 2.59% 2.42%
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Table 6. Volume fraction of each grain size in middle enrichment fuel

Grain Size 75 μm 45 μm 25 μm 10 μm

Volume fraction 6.35% 0.95% 0.97% 1.86%

Table 7. Volume fraction of each grain size in low enrichment fuel

Grain Size 65 μm 35 μm 25 μm 10 μm

Volume fraction 4.50% 0.36% 0.30% 0.68%

In addition, calculations that simulate single grain size are also carried out to inves-
tigate the effect of considering the grain size distribution. In the high, middle, and low
enrichment fuels, most of Pu spots are 125, 75, and 65 μm in diameter respectively.
Therefore, these grain sizes are used in the calculation of the single grain size. The
single grain sizes used in the calculations are shown in Table 8.

Table 8. The single grain sizes used in the calculations at each enrichment

single grain size

High enrichment 125 μm

middle enrichment 75 μm

low enrichment 65 μm

3 Calculation Result

The calculation results of single grain size and four grain sizes are shown in Fig. 3.
In all conditions, the results of the heterogeneity reactivity effect are negative because

the ratio of Pu-239 is high and the ratio of Pu-240 is low in the Pu isotope ratio. Pu 239
has a fission resonance at 0.3 eV and the fission reaction is reduced by the self-shielding
effect of Pu spots. The reason for the negative heterogeneity reactivity effect is the high
proportion of Pu-239. On the other hand, the isotope ratio with the high proportion of
Pu-240 is used, the heterogeneity reactivity effect shifts to the positive side. The reason
is that Pu-240 has a neutron absorption resonance at 1.0eV and neutrons escaping this
resonance can cause fission.

At all enrichments, the heterogeneity reactivity effect of the calculation of single
grain size is larger than four grain sizes. Because the larger the grain size, the larger
the self-shielding effect. In this study, the calculations of single grain size are carried
out by replacing smaller grain sizes with the largest one. Therefore, the calculations of
single grain size have a large proportion of Pu spots with a larger grain size than the



722 M. Ohara et al.

Fig. 3. Comparison of calculation results between the case of single grain size and four grain
sizes

calculations of four grain sizes. As a result, the heterogeneity reactivity effect is larger
in the calculation of single grain size.

At the high enrichment fuel, the difference between the calculation results of single
grain size and four grain sizes was the largest. The difference is 0.035%k/kk’. When
calculating a slight difference in reactivity effect by Monte Carlo calculation, a huge
calculation cost is required to suppress statistical error. This study makes it possible to
carry out calculations that consider the grain size distribution of Pu spots in MOX fuel,
using a deterministic calculation method that does not have statistical errors.

4 Conclusions

The heterogeneous model introduced in previous studies could only consider a single
grain size. In practice, there is a distribution of Pu spots sizes in MOX fuel. Therefore,
the purpose of this study is to investigate the effect of the Pu spots size distribution on
criticality. Initially, the modified OpenMOC was additionally modified to consider the
grain size distribution, thus the effect of the grain size distribution on criticality can be
evaluated without statistical errors. At high enrichment fuel, the difference between the
calculation results of single grain size and four grain sizes was found to be 0.035�k/kk’.
The additionallymodifiedOpenMOCmakes it possible to study the effect of considering
the grain size distribution of Pu spots inMOX fuel. Further improvement of the criticality
prediction accuracy in MOX fuel is expected by the additionally modified OpenMOC.
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Abstract. The Mo-Y2O3 composite coating was prefabricated on the surface of
the graphite crucible byplasma spraying, and then the coating surfacewas remelted
by high-power laser. The coatingwas subjected to SEManalysis,X-ray diffraction,
bond strength testing, and molten terbium metal corrosion test. The results show,
After laser cladding treatment, the problems of pores and unmelted particles on
the surface of the Mo-Y2O3 coating have been significantly improved, and the
porosity has been reduced to less than 1.5%, Vitrified Y2O3 with a thickness of
about 80–120 μm and columnar crystal growth was formed on the surface of the
coating, and the bonding strength was increased from 2–3 MPa before treatment
to 7–11MPa, In the corrosion assessment test of molten terbiummetal, the coating
was intact and did not fall off, the surface of the ingot was not adhered, and there
was no contamination by impurity elements, which could be easily demolded.

Keyword: Surface treatment · Laser micro-nano sintering · Performance
optimization · Composite materials

1 Introduction

In recent years, industries such as nuclear energy technology, aerospace, new energy,
new materials, marine ships and medical equipment have been changing rapidly. The
progress in these fields is inseparable from the rapid development of high-performance
special alloy materials. Such alloy materials are often active metals with a high melt-
ing point, the raw materials are precious, and are easily reacted with various gases and
crucible materials at high temperatures. Therefore, solving the problem of “sticking
and contamination” of melting crucibles has become a hotspot of surface engineering
research. Graphite material has excellent thermal shock resistance, thermal shock resis-
tance and ease of processing, and is the most commonly used crucible material in high
melting point active metal smelting. However, at high temperature, the CO gas and free
carbon vapor generated in the furnace can easily react with the smelted metal to form
carbides, resulting in melt carbon pollution, which affects the properties of metal mate-
rials [1]. Xiao [2] studied the thermal shock resistance of Nb/ZrO2(Y2O3), Nb/CaZrO3,
Mo/ZrO2(Y2O3) composite coatings, and the results showed that the coatings basically
cracked and peeled off at 1500 °C for 30 min. Koger J W [3] prepared a Nb/ZrO2/Y2O3
composite coating, which can withstand the test of metal smelting many times, but
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the process technology is harsh. Kim [4] prepared a Y2O3 coating that can be used for
ternary alloy casting, but it is difficult to prepare. Petitbon [5] added Al2O3 powder when
remelting the plasma sprayed zirconia coating by laser to obtain the Al2O3/ZrO2 com-
posite coating. The coating’s strength, wear resistance and high temperature corrosion
resistance are significantly increased Experimental materials and methods. Ahmaniemi
[6] used the laser cladding method to seal the ZrO2 coating, the lattice distortion of the
ZrO2 crystal occurred, the coating became dense, and the microhardness increased.

At present, most of the researches focus on the optimization of the plasma spraying
process parameters and the repair of the coating on the surface of the crucible, and the
process is complicated and tedious, while the research and application of the coating
required for the smelting of special materials are very few. In order to solve the above
shortcomings, this paper takes graphite/Mo/Y2O3 as the research system, and uses the
laser micro-nano sintering method to clad the plasma sprayed Mo/ Y2O3 coating, and
obtain the vitrified Y2O3 coating. The coating can withstand multiple corrosion tests of
molten terbium metal. The preparation method and formation mechanism of vitrified
Y2O3 coating on graphite surface were studied in order to provide some theoretical
guidance for production practice.

2 Test Materials and Methods

High-purity graphite has the advantages of light weight, high strength and good thermal
shock resistance. It is a commonly used crucible material in high-temperature smelting
and high-temperature smelting of rare earth metals, niobium silicide-based superalloys
and some actinide metals. However, carbon as an impurity element needs to be strictly
controlled in the metallurgical processing of metal materials, and the increase of carbon
content in the smelting process should be avoided as much as possible. Therefore, it
is necessary to spray a layer of oxide on the surface of the crucible to prevent carbon
increase. As the intermediate transition layer of the composite coating, the thermal
expansion coefficient of Mo is between high-purity graphite and yttrium oxide, which
can effectively prevent the coating from peeling, cracking and falling off due to high
temperaturemelt erosion. Y2O3 is stable and does not react or wet with high temperature
melts, which can ensure the purity of the melts.

The materials selected in this study and their properties are shown in Table 1.

Fig. 1. Schematic diagram of plasma spray coating structure.
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Firstly, the Mo-Y2O3 composite gradient coating was prefabricated on the surface
of the graphite mold crucible by plasma spraying method, and the coating structure is
shown in Fig. 1.

Table 1. Material types and their properties.

High purity
graphite

Ash content
(ppm)

Density
(g/cm3)

Graininess
(mm)

Thermal
conductivity
w/(m·k)

Coefficient of
thermal
expansion
(°C−1)

≤40 ≥1.8 ≤0.02 ≥110 4.0–4.8 × 10–6

Molybdenum
powder

Principal content (%) Particle size distribution (μm) 5.2 × 10–6

≥99.90 45–96

Yttrium powder Principal content (%) Particle size distribution (μm) 8.0 × 10–6

≥99.98 11–53

Next, the graphite crucible was dried in a blast drying oven at a temperature of 50–
60 °C for 30 min, again, the crucible was fixed on a special fixture after the dust on the
surface was blown off by compressed air, and the equipment was turned on to perform
the laser fusion treatment of the coating. The micro-nano sintering process is shown in
Fig. 2.

Fig. 2. Schematic diagram of laser micro-nano sintering process.

Finally, the molds after laser micro-sintering were placed in a vacuum well furnace
for heat treatment to eliminate the residual stresses generated during the spraying and
laser micro-sintering experiments at 400 °C for 4 h.

The process parameters of plasma spraying and laser micro-nano sintering during
the experiment are shown in Table 2.

The surface morphology of the coating was characterized by a Zeiss EVO scanning
electron microscope. And use Image J image processing software to calculate apparent
porosity. The phase structure and composition of the coating were determined by X-ray
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Table 2. Plasma spraying and laser micro-nano sintering process parameters.

Plasma spray Voltage (V) Current (A) Spraying
distance (mm)

Main air
flow
(Ar/MPa)

Auxiliary gas
flow (He/MPa)

45–55 600–750 90 2.00–3.00 0.20–0.40

Laser
Micro-Nano
Sintering

Overlap rate
(%)

Scan speed
(°/min)

Laser power (w) Energy
Density
(w/mm2)

Laser spot
diameter (mm)

50 2600–2800 105–120 145 2–3

diffractometer XRD-6100. The bond strength of the coating was tested by the pull-off
method.

3 Experimental Results and Analysis

3.1 Coating SEM, XDR Analysis

TheSEMmicro-morphologies of the coatings before and after lasermicro-nano sintering
are shown in Fig. 3.

Fig. 3. Microscopic surfacemorphologyof the coating after plasma spraying and lasermicro-nano
sintering.

As shown in Fig. 3, a and b indicate the microscopic morphology of the coating by
plasma spraying and laser micro-nano sintering, respectively. The surface of the plasma
sprayed coating is uneven, loose and porous, and has a lamellar structure. The connection
between the coating and the substrate belongs to mechanical bonding. Because in the
spraying process, the molten powder is not shot to the surface of the substrate at a
high speed, and a porous layered coating is formed after deformation and spreading.
Some powder particles that are not fully melted reach the surface of the substrate to
form spherical particles of different sizes, and through layer-by-layer superposition,
many holes are formed in the coating, causing defects. In addition, during the spraying
process, the air in the surrounding environment absorbed by the molten particles cannot
be completely eliminated during cooling and solidification, which also forms a defect.
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After laser micro-nano sintering, the surface of the coating is flat and smooth, and
there are no obvious holes. This shows that the coating performance is optimized, and
the bonding between the coatings is closer to metallurgical bonding. After micro-nano
sintering, micro-cracks can still be seen on the surface (the bright part in Fig. 3b), which
is caused by the combined effect of tensile stress and compressive stress on the coating
surface during the rapid heating and cooling of the coating. After laser remelting, the
surface lamellar structure almost disappeared. After micro-nano sintering, the coating
formed a vitrified Y2O3 film with a thickness of about 80–120 μm and columnar crystal
growth. The defects such as pores and inclusions of the coating are greatly reduced, and
the density has been greatly improved.

The XRD analysis of the plasma sprayed coating and the laser micro-nano sintered
coating was carried out using an X-ray diffractometer XRD-6100, and the results are
shown in Fig. 4.

Fig. 4. XRD physical phase analysis of the coating.

As shown in Fig. 4, Figs. a and b represent the results of the physical phase analysis
of the plasma spraying method and the laser micro-nano-sintering coating, respectively.
It can be seen from Fig. 4a that there are mainly compounds such as Y2O3, Y4MoO9,
and Y6MoO12 on the surface of the plasma sprayed yttrium oxide coating. At high
temperature, Y2O3 and MoO3 react as follows, which is consistent with Fig. 4b.

2Y2O3 + MoO3 = Y4MoO9 (1)

3Y2O3 + MoO3 = Y6MoO12 (2)

Because the plasma temperature is much higher than the sublimation temperature
of MoO2 (700 °C) during the spraying process, the coating material does not contain
MoO2. The X-ray diffraction peaks corresponding to MoO3 are mainly at 2θ = 13°, 26°
and 39°, so it can be considered that the coating surfaces are all Y2O3. It can be seen
that the laser micro-nano sintering process does not change the phase composition of
the coating surface, nor does it introduce other impurities.
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3.2 Coating Bonding Strength Score

The bonding strength of the coating was tested by the pull-off method. Three samples
were prepared with different process parameters. The test results are shown in Table 3.
Plasma Binding force test.

Control tests 1 and 2 show that the overall bonding force of the plasma sprayed
layer is low, and the fractured part is on the surface of the substrate. Because the surface
temperature of the substrate is very high after spraying, a large internal stress will be
generated inside the coating, which is directly quenched in the air, and defects such
as microcracks will be generated during the stress release process, which will reduce
the bonding force of the coating. From experiments 1 and 3, it can be seen that laser
micro-nano sintering can increase the bonding force of the coating from 2–3 MPa to
5–10 MPa, because the coating is converted from mechanical bonding to metallurgical
bonding after laser micro-nano sintering. It can be seen from experiments 3 and 4 that
heat treatment can further optimize the laser cladding coating, eliminate the internal
stress, and further improve the bonding force of the coating.

Table 3. Plasma Binding force test.

No Laser power/W heat treatment Experimental results and binding force (MPa)

1 0 - Fractured from graphite substrate after stretching,
bonding force 2–3

2 0 4 h at 700 °C Fractured from graphite substrate after stretching,
bonding force 2.5–4

3 110 - Fractured from graphite substrate after stretching,
bonding force 7–9

4 110 4 h at 700 °C Fractured from yttrium oxide coating after stretching,
bonding force 8–11

3.3 Terbium Metal Melting Test Coating Test

At 1550 °C, under 8.5 × 10−2 Pa, the metal terbium in the distilled state is smelted
by an intermediate frequency induction heating furnace. Then, the liquid terbium metal
was cast into Mo/Y2O3 graphite crucibles with two coatings (plasma spray coating and
laser cladding coating) respectively, and the temperature was kept for 20 min. Finally,
the bottom of the crucible is cooled, filled with inert gas, and after cooling to room
temperature, it is released from the furnace and demolded.

As shown in Fig. 5 a, b, and c represent the inner wall of the crucible treated by
plasma spraying, the local morphology of the coating and the appearance of the terbium
ingot after demolding. d, e, and f represent the inner wall of the crucible, the partial
morphology of the vitrified coating after laser micro-nano sintering, and the appearance
of the terbium ingot after demolding. Terbium casting test results show that the plasma
sprayedMo/Y2O3 composite coating falls off after contacting with terbiummelt. During
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Fig. 5. Terbium metal casting test.

the solidification and shrinkage process of the terbium melt, the melt penetrates into the
interior of the coating through pores and cracks, and forms a mosaic bonding structure
with the coating surface. Causes the molybdenum and yttrium oxide coatings to peel off
in a large area, and black and white spots appear (as shown in Figure c).

It can be seen from this: the bonding force of the plasma sprayed coating is low, and
this phenomenon is consistent with the results of Test 1 in Table 3. After the Mo/Y2O3
composite coating is sintered by laser micro-nano, the surface of the terbium ingot is
smooth and clean, and there is no “sticking to the ingot” phenomenon, as shown in Fig.
f. Because the heating and cooling speeds are extremely fast during the laser cladding
process, and the solidification speed is about 104 °C/s, the surface of the Y2O3 coating
will be vitrified, and the voids and cracks on the coating surface will be repaired. The
rapid melting makes the surface produce fine-grain strengthening, and the interfacial
bonding force increases. This phenomenon is consistent with the results of Test 4 in
Table 3.

Fig. 6. Pore space on the surface of the coatin.

Apparent porosity was calculated using Image J image processing software. Eight
SEM photos of the coating were randomly selected in different areas and at the same
magnification, and then the apparent porosity of each photo was calculated by the gray-
scale method, and the arithmetic mean was taken as the apparent porosity of the coating.
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As shown in Fig. 6,a and b represent themicro-morphologies of the plasma spray coating
and the lasermicro-nano sintering coating after grayscale processing of the Image image,
respectively. After calculation, the apparent porosity of the coating after laser micro-
nano sintering decreased from 5–6% to less than 1.5%. It shows that laser micro-nano
sintering can significantly reduce the surface porosity of the coating, effectively reduce
the infiltration path of the melt, and alleviate the peeling of the coating.

Fig. 7. Variation of impurity element content.

After After demoulding, the content of impurity elements on the surface of the ingot
was analyzed. The impurity content on the surface of the ingot is shown in Fig. 7.

Compared with the terbiummetal rawmaterial, the content of each impurity element
in the ingot after the plasma spray coating is smelted has increased, especially the C
content exceeds the standard, which does not meet the smelting requirements. After laser
cladding coating smelting, the C content of the ingot increased by 4 ppm on average,
the Al, Na, Mo, N content decreased by 7 ppm, 29 ppm, 8 ppm and 9 ppm respectively,
the content of Y element met the requirements. The average impurity content is within
the control range, and there is no obvious carbon increase, indicating that the Mo/Y2O3
coating after laser micro-nano sintering has the effect of preventing carbon completely.
The surface of the terbiummetal ingot has no white spots attached (Fig. 5f), the interface
between the coating and the terbium metal melt does not infiltrate, the coating does not
adhere to the surface of the ingot, the ingot is easily demolded, and the melting target is
achieved.

4 Conclusion

(1) The surface of the coating after laser micro-nano sintering is smooth and flat, the
porosity is reduced to less than 1.5%, and a vitrified Y2O3 coating with a thickness
of about 80–120 μm and columnar crystal growth is formed. It shows that laser
micro-nano sintering can repair coating cracks, and can make the bonding between
coatings change from mechanical bonding to metallurgical bonding.
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(2) After the plasma sprayed layer is sintered by laser micro-nano, the surface of the
coating has a fine-grain strengthening effect due to rapid melting, and the bonding
strength of the coating is increased from 2–3 MPa before treatment to 7–11 MPa.

(3) The laser micro-nano sintering coating has the function of blocking carbon without
introducing impurities and meeting the smelting requirements.
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Abstract. In order to investigate the mechanisms and characteristics of oxy-
gen diffusion during oxygen control in Heavy Liquid Metals (HLM). Turbulence
model coupling species transport model are used to predict the oxygen transport
and distribution in liquid lead-bismuth eutectic (LBE) during gas oxygen control
process. The oxygen mass flow coefficients are calculated under diffident LBE
temperatures, inlet LBE flow rates, inlet oxygen concentrations and gas/liquid
interface oxygen concentrations. A mass transfer correlation for oxygen transport
is finally acquired. The simulated results indicate that oxygen transport is mainly
influenced by the combined effect of convection and diffusion. Specifically, the
mass flow coefficient increases with the increase of mass flow coefficient and
LBE temperature. The gas/liquid interface oxygen concentration has little effect
on the oxygen mass transfer coefficient in the oxygen transfer device of this study.
Comparatively, the smaller inlet oxygen concentration leads to the larger aver-
age oxygen mass transfer coefficient and the effects of inlet oxygen concentration
becomeweaker with the increase of flow rate. The numerical data presented in this
study represents an essential step to reveal the mechanism of oxygen transport in
flowing LBE and provides the theoretical basis for guiding the design of oxygen
transfer device in HLM-cooled nuclear reactors.

Keywords: Heavy liquid metal · Oxygen diffusion · Gas oxygen control ·
Oxygen concentration

1 Introduction

Heavy Liquid Metals (HLM) such as liquid lead (Pb) and lead-bismuth eutectic (LBE)
are considered as candidate coolants in Generation IV Nuclear Reactors thanks to their
suitable thermo-physical and chemical properties. However, the oxidation of HLM and
corrosion of structural steels have become major issue in the development of HLM-
cooled nuclear reactors. One of the most viable methods for protection of HLM-cooled
nuclear reactors is to control the oxygen content dissolved in the HLM among an appro-
priate range, which could guarantee the structural steels and avoid the HLM oxidation
at the same time.
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Several researchers have studied the characteristics of oxygen control technics based
on different facilities [1–5]. Schroer et al. [1] investigated the oxygen-transfer to flowing
lead alloys inside a gas/liquid transfer device in the CORRIDA loop. Marino et al. [2]
acquired a mass transfer correlation for the lead oxide mass exchanger and the model
was validated using experimental data from the CRAFT loop. Chen et al. [3] explored the
LBE flow and oxygen transport in a simplified container under the gas oxygen control
using a lattice Boltzmann simulation. However, the mechanisms and characteristics of
oxygen diffusion during oxygen control are still not well understood.

In this study, a CFDmodel in the specific oxygen transfer device has been developed
to determine the oxygen transport and distribution in flowing LBE. A mass transfer
correlation for oxygen transport was obtained in terms of the Sherwood with simulation
results. The numerical data presented in this study represents an essential step to reveal
the mechanism of oxygen transport in flowing LBE and provides the theoretical basis
for guiding the design of oxygen transfer device in HLM-cooled nuclear reactors.

2 Numerical Modeling

2.1 Geometry and Mesh

The simulated oxygen transfer device has a similar geometry with that in the CORRIDA
loop [6], which has a specific inner diameter of 400 mm and a length of 1300 mm.
As shown in Fig. 1, the LBE flows through vessels with a liquid level of 1/3 diameter.
The control gas is pumped into the oxygen transfer device in the opposite direction
through top vessels. The computational domain is simplified and depicted in Fig. 2. The
minimum mesh size is set as 5 · 10–3 m and the total number of the elements is about
2150977 after the mesh independence analysis [7].

Fig. 1. Schematic diagram of the gas control apparatus
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Fig. 2. Geometry of the simulated oxygen transfer device

2.2 Governing Equations and Boundary Conditions

The transport of oxygen obeys the Reynolds-averaged transport equation for turbulent
flow:

∂Co

∂t
+ −→u · ∇Co = ∇ · (D + μt

Sct
)∇Co + qo (1)

where Co is the oxygen concentration, u is the velocity of LBE, μt is the eddy viscosity,
Sct is the turbulent Schmidt number, and qo is the oxygen source, D is the diffusion
coefficient of oxygen. D (cm2·s−1) is given by the following equation [8]:

D= 0.0239e− 43073
RT 473K < T < 1273K (2)

where R is the molar gas constant.
Based on the research in [9], the gas/liquid interface is simulated as a free-surface

boundary with constant oxygen concentration.
The average dissolution rate q (kg·s−1) of oxygen in the flowing LBE is described

by:

q = m(Cout − Cin) (3)

whereCout andCin are the oxygen concentration at the outlet and inlet of oxygen transfer
device (wt%), respectively. m is the mass flow rate.

The average mass transfer coefficient k (kg·m−2·s−1) of oxygen in the flowing LBE
is calculated by:

k = q

A(Cg/l − Cave)
(4)

where A is the area of gas/liquid interface (m2), Cg/l is the oxygen concentration at the
gas/liquid interface (wt%), Cave is the average oxygen concentration of inlet and outlet
(wt%).

The Sherwood number (Sh) representing the dimensionless form of the averagemass
transfer coefficient is defined by:

Sh = k · l
ρ · D (5)

where l is a characteristic length and ρ is the density of LBE.
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3 Results and Discussion

The simulation parameters (T lbe, ulbe, Cin, Cg/l) and calculated results (Cout, k, Sh) are
summarized in Table 1.

Table 1. Simulated parameters

T lbe/°C ulbe/m·s−1 Cin/wt% Cg/l/wt% Cout/wt% k/kg·m−2·s−1 Sh

550 2 8 × 10–7 1 × 10–3 1.30 × 10–5 1.79 0.26

550 1 8 × 10–7 1 × 10–3 1.54 × 10–5 1.07 0.16

550 1.5 8 × 10–7 1 × 10–3 1.32 × 10–5 1.36 0.20

550 0.5 8 × 10–7 1 × 10–3 2.57 × 10–5 0.92 0.13

550 2 8 × 10–7 1 × 10–4 2.00 × 10–6 1.77 0.26

550 1 8 × 10–7 1 × 10–4 2.24 × 10–6 1.06 0.16

550 1.5 8 × 10–7 1 × 10–4 2.02 × 10–6 1.36 0.20

550 0.5 8 × 10–7 1 × 10–4 3.29 × 10–6 0.93 0.14

550 2 8 × 10–7 1 × 10–5 9.05 × 10–7 1.67 0.24

550 1 8 × 10–7 1 × 10–5 9.21 × 10–7 0.96 0.14

550 1.5 8 × 10–7 1 × 10–5 9.07 × 10–7 1.28 0.19

550 0.5 8 × 10–7 1 × 10–5 1.02 × 10–6 0.86 0.13

550 2 1 × 10–8 1 × 10–5 1.22 × 10–7 1.65 0.24

550 1 1 × 10–8 1 × 10–5 1.57 × 10–7 1.08 0.16

550 1.5 1 × 10–8 1 × 10–5 1.34 × 10–7 1.36 0.20

550 0.5 1 × 10–8 1 × 10–5 2.90 × 10–7 1.04 0.15

500 2 8 × 10–7 1 × 10–5 1.72 × 10–6 1.24 0.27

500 1 8 × 10–7 1 × 10–5 1.91 × 10–6 0.72 0.16

500 0.5 8 × 10–7 1 × 10–5 9.63 × 10–7 0.66 0.14

450 2 8 × 10–7 1 × 10–5 1.38 × 10–6 0.89 0.30

450 1 8 × 10–7 1 × 10–5 1.67 × 10–6 0.52 0.18

450 0.5 8 × 10–7 1 × 10–5 9.19 × 10–7 0.48 0.16

400 2 8 × 10–7 1 × 10–5 1.19 × 10–6 0.61 0.35

400 1 8 × 10–7 1 × 10–5 1.48 × 10–6 0.36 0.21

400 0.5 8 × 10–7 1 × 10–5 8.84 × 10–7 0.34 0.20

350 2 8 × 10–7 1 × 10–5 8.24 × 10–7 0.38 0.41

350 1 8 × 10–7 1 × 10–5 8.29 × 10–7 0.36 0.21

350 0.5 8 × 10–7 1 × 10–5 8.56 × 10–7 0.23 0.24
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Figure 3 depicts the distribution of oxygen concentration and velocity under the
typical working condition (T lbe = 550 °C, ulbe = 0.5 m/s, Cin = 8× 10–7 wt%, Cg/l = 1
× 10–5 wt%). In the simulated model, the oxygen concentration at gas/liquid interface is
considered as a constant 1× 10–5 wt%. The oxygen concentration inside oxygen transfer
device is set as 8 × 10–7 wt% in the initial condition. It can be seen from Fig. 3(a), after
the transport of oxygen, the oxygen concentration inside the device increases from inlet
to outlet with the flow of LBE. Especially, the oxygen distributed near inlet and outlet
is obviously higher as a result of the reversed flow of LBE, as shown in Fig. 3(b).

(a) Oxygen concentration distribution 

(b) Velocity distribution 

Fig. 3. The distribution of oxygen concentration and velocity under the typical working condition
(T lbe = 550 °C, ulbe = 0.5 m/s, Cin = 8 × 10–7 wt%, Cg/l = 1 × 10–5 wt%)

Figure 4 shows the effects of the temperature and the velocity of LBE on the average
oxygenmass transfer coefficient. It can be obtained that the average oxygenmass transfer
coefficient increases with the increase of temperature and velocity of LBE. The reason is
that the thermophysical properties such as viscosity and diffusion coefficient changewith
the LBE temperature and the mass transfer of oxygen is improved with the combined
effect of convection and diffusion.
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Fig. 4. The effects of the temperature and the velocity of LBE on the average oxygenmass transfer
coefficient

Parameter analysis is performed for comparison of the average oxygen mass trans-
fer coefficient k among different gas/liquid interface oxygen concentrations Cg/l and
different inlet oxygen concentrations Cin under different velocities of LBE at LBE tem-
perature of 550 °C in Fig. 5(a) and 5(b), respectively. The results demonstrate that there
is no obvious difference among average oxygen mass transfer coefficients on interface
oxygen concentrations, as shown in Fig. 5(a). However, the average oxygen mass trans-
fer coefficients are slightly smaller related to the higher inlet oxygen concentration (8 ×
10−7wt%) when the flow rate ulbe <2 m/s, as shown in Fig. 5(b). Thus, the gas/liquid
interface oxygen concentration has little influence on themass transfer coefficient of oxy-
gen in the oxygen transfer device with specific geometry. On the other hand, the smaller
inlet oxygen concentration leads to the larger average oxygen mass transfer coefficient
and the effects of inlet oxygen concentration become weaker with the increase of flow
rate.

Finally, a mass transfer correlation for oxygen transport was obtained in terms of the
Sherwood with simulation results, as described by

Sh = A · PeB (6)

The corresponding coefficients A and B are listed in Table 2.
The deviations between simulated results and calculated results by (6) are shown in

Fig. 6. It can be noted that the predictions of the correlation equation are all in agreement
with the simulated Sh numbers in general with the maximum deviation of ± 26%.
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Fig. 5. Comparison of the average oxygen mass transfer coefficient k among different gas/liquid
interface oxygen concentrationsCg/l and different inlet oxygen concentrationsCin under different
velocities of LBE at temperature of 550 °C

Table 2. Coefficients in (6)

Coefficient Value

A 0.0169

B 0.321
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Fig. 6. The deviations between simulated results and calculated results by (6)

4 Conclusions

In this study, the oxygen transport characteristic in flowing LBE has been investigated
with a turbulence model coupling species transport model in the specific oxygen transfer
device. The following conclusions could be drawn:

1) The mass transfer coefficient of oxygen increases with the increase of temperature
and velocity of LBE because of the combined effect of convection and diffusion.

2) The gas/liquid interface oxygen concentration has little influence on themass transfer
coefficient of oxygen in the oxygen transfer devicewith specific geometry. Compara-
tively, the smaller inlet oxygen concentration leads to the larger average oxygenmass
transfer coefficient and the effects of inlet oxygen concentration becomeweakerwith
the increase of flow rate.

3) A mass transfer correlation for oxygen transport is obtained and the calculations of
the correlation equation are all in agreement with the simulated results.
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Abstract. High-temperature heat pipe is an important element in a mobile heat
pipe reactor, and the study of the steady-state heat transfer performance of the
heat pipe is of great value to the design and safe application of the heat pipe.
Based on COMSOL software, a three-dimensional heat pipe model is established
to study the effects of the input power of the evaporative section of the heat pipe
and the horizontal acceleration of the heat pipe due to its movement on the heat
transfer performance of the potassium heat pipe in steady-state operation. The
results show that the overall temperature of the outer wall surface of the heat pipe
and the axial temperature variation of the center of the heat pipe are less affected
by the horizontal acceleration andmore affected by the input thermal power within
the study range; the thermal resistance of the heat pipe decreases with the increase
of the input power of the evaporation section of the heat pipe, and shows a trend
of decreasing and then increasing with the increase of the horizontal acceleration.

Keywords: Potassium heat pipe · Heating power · Horizontal acceleration ·
Thermal resistance

1 Introduction

China’s total energy consumption is growing, and although the rate of energy consump-
tion growth is decreasing year by year, the overall total energy consumption [1] is still
high. China plans to achieve carbon peaking by 2030 and carbon neutrality by 2060.
According to Lin Boqiang [2], China’s current carbon emissions aremainly concentrated
in the power generation, industrial and transportation sectors, and deep decarbonization
of the power sector is the key to achieving China’s carbon neutrality goal. Nuclear power,
as the second largest source of low-carbon electricity in the world after hydropower, will
be the optimal choice to solve the problem of fossil energy depletion in the future. Heat
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pipe reactors are an emerging type of reactor with the advantages of compact struc-
ture, high inherent safety, and modularity. Heat pipe reactors were initially proposed for
application in space nuclear reactors [3], and heat pipe cooled reactors [4] use a solid
state reactor design concept that directly exports heat from the core through high tem-
perature heat pipes and are more suitable as a technology option for small nuclear power
sources. Heat pipe reactors do not contain conventional reactor equipment such as main
cooling circuits, circulation pumps, and various valves. The system design is extremely
simplified compared to conventional reactors, and these features make heat pipe reactors
suitable as a technology option for small mobile reactors. Themobile small reactor focus
is located in islands, plateaus, polar regions and other special environments or isolated
island power supply applications undermajor disasters, and has a strong national defense
and civilian significance.

The change of conditions such as horizontal acceleration due to the movement of
the heat pipe small stack has a certain effect on the heat transfer performance of the heat
pipe. Tian Z X [5] et al. used a thermal resistance network model and wrote a program to
study the heat transfer characteristics of a high-temperature potassium heat pipe with a
liquid-absorbing core in steady-state operation, and obtained the effect of the inclination
angle on the heat transfer performance of the heat pipe at different heating powers. Liu
S Y [6] et al. experimentally investigated the comparison of the steady-state operating
performance of loop heat pipes in an accelerated environment to provide some guidance
on the design of loop heat pipes for cooling airborne electronic equipment. Xiao Lv
[7] et al. studied the temperature oscillations of a double-compensated cavity loop heat
pipe under acceleration conditions, and analyzed and discussed the effects of different
loading modes, thermal loads, acceleration directions and amplitudes, and other control
parameters on the loop temperature oscillations. Hao S [8] et al. experimentally studied
the thermal behavior of a horizontal high temperature heat pipe under motion conditions.
The current studies focus on the heat transfer performance during conventional heat pipe
start-up and heat pipe steady-state operation, and there are still relatively few studies
on the heat transfer performance of heat pipes in mobile heat pipe reactors. Therefore,
the study of heat transfer performance of heat pipes in mobile heat pipe reactors under
different operating conditions can provide a certain theoretical basis for the design and
application of mobile heat pipe reactors.

2 Research Object

2.1 Geometric Model

The heat pipe used is shown in Fig. 1.
It can be seen from the Fig. 1 that the heat pipe from below to above is the evaporation

section, adiabatic section and condensing section.
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Fig. 1. Heat pipe structure

2.2 Calculation Parameters

Heat pipe structure parameters and calculation parameters are shown in Table 1.

Table 1. Calculated parameters of heat pipe

Name Unit Quantity

Working medium in heat pipe - Potassium

Evaporation section length mm 200

Condensation section length mm 200

Adiabatic section length mm 100

Heat pipe outer diameter mm 20

Pipe wall thickness mm 2

Wick thickness mm 2

Convective heat transfer coefficient W/(m2·K) 300

Environmental temperature K 300

Heating power of evaporation section W 150/250/
350/450

Pipe wall material - Haynes 230

2.3 Grid Irrelevance Verification

In the simulation process, in order to ensure the accuracy of the model and at the same
time improve the efficiency of the calculation, the mesh will be verified for irrelevance.



Research of Steady-State Heat Transfer Performance 745

Under the premise of ensuring the mesh quality, four different cell size meshes are used
to divide the model, and the mesh numbers are 151107, 222363, 277810, and 378839,
respectively. the results of the axial temperature distribution at the center of the heat pipe
in steady state with the four mesh numbers are shown in Fig. 2.

Fig. 2. Axial temperature distribution in the center of the heat pipe at steady state

From Fig. 2, it can be seen that the change of axial temperature distribution in the
center of heat pipe tends to be stable with the increase of the number of grids, and the
temperature difference of evaporating section of heat pipe is larger when the number
of grids is 151107 and 222363, while the trend of axial temperature distribution in the
center of heat pipe is almost the same when the number of grids is 277810 and 378839.
Within the margin of error, 277810 meshes are appropriate considering that too many
meshes will reduce the calculation efficiency.

3 Calculation Formula

(1) Thermal conductivity model of pipe wall

ρCpu · ∇T + ∇ · q = Q (1)

q = −k∇T (2)

ρ is the density, kg/m3; Cp is the constant pressure heat capacity, J/(kg·K); K is the
effective thermal conductivity, W/(m·K). qv is the heat source, W/m3.

(2) Thermal conductivity equation of liquid-absorbing core

ρfCp,fu · ∇T + ∇ · q = Q (3)

q = −keff∇T (4)

(ρCp)eff is the effective volumetric heat capacity at constant pressure, J/(m3·K);
keff is the effective thermal conductivity, W/(m-K).
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(3) Vapor flow model

ρ(u · ∇)u = ∇ · [−ρI + K]+F (5)

ρ∇ · u = 0 (6)

K = μ
(
∇u + (∇u)T

)
(7)

▽ is the gradient calculation symbol; µ is the dynamic viscosity, Pa-s.
(4) Flow model of liquid-absorbing core

For porous medium flow, the BRINKMAN equation was used as a coupling
calculation in the study

0 = ∇ · [−ρ2I + K] −
(

μκ−1 + βρ|u2| + Qm

ε2p

)
u2 + F (8)

ρ∇ · u2 = Qm (9)

where, ρ is the liquid density, kg/m3; Qm is the flow rate, kg/s; g is the acceleration
of gravity, m/s2;▽ is the Laplace operator.

(5) Equivalent thermal resistance of heat pipe
The heat pipe heat transfer characteristics are studied using the form of

calculating the overall thermal resistance of the heat pipe with the following
expressions.

Rsum=Te,ave−Tc,ave
Qin

(10)

Rsum is the overall thermal resistance of the gravity heat pipe, W/K; Te,ave is
the average temperature of the wall of the evaporating section of the heat pipe, K;
Tc,ave is the average temperature of the wall of the condensing section of the heat
pipe, K; Qin is the thermal power input to the evaporating section of the heat pipe,
W.

4 Results and Discussion

4.1 Effect of Horizontal Acceleration on Heat Pipe Temperature

(1) Surface temperature of outer wall

The temperature distribution on the outer wall surface of the heat pipe when the
horizontal acceleration is changed under the heat pipe evaporation section input thermal
power of 450 W is shown in Fig. 3.

From Fig. 3, it can be seen that the temperature distribution of the outer wall surface
of the heat pipe under different horizontal acceleration conditions has basically the same
trend, and the heat pipe is in a stable working condition. The temperature change of the
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Fig. 3. Temperature distribution on the outer wall surface of the heat pipe

outer wall surface of the heat pipe shows a trend of decreasing first and then increasing.
In the evaporation and adiabatic sections of the heat pipe, the change of horizontal
acceleration almost does not affect the temperature of the outer wall surface, and the
temperature of the outer wall surface gradually decreases along the axial direction. At
the end of the condensing section of the heat pipe, the temperature of the outer wall
surface increases, while the temperature increase at the end of the condensing section
decreases with the increase of the horizontal acceleration, and the uniformity of the heat
pipe increases. This is becausewith the operation of the heat pipe, the evaporating section
of the heat pipe is constantly fed with thermal power, and a large amount of superheated
steam gathers at the top of the steam chamber of the heat pipe, and the steam entering
the suction core condenses into small liquid beads or liquid film adsorbed on the wall of
the top of the heat pipe and exothermic. In addition, because the liquid beads or liquid
film by gravity decline, the thickness of the liquid film from the top of the heat pipe
to the bottom gradually increase, the upper part is thinner, the lower part is thicker,
there is a difference in thermal resistance, making the temperature of the outer wall
surface appears to rise. And with the increase of horizontal acceleration, it is equivalent
to the heat pipe working under a certain inclination angle, which makes the instability
of liquid phase workpiece flow inside the suction core reduced, thus offsetting part of
the temperature increase of the outer wall surface.

(2) Central axial temperature

The axial temperature distribution at the center of the heat pipe when the horizontal
acceleration is changed under the input thermal power of 450 W in the evaporation
section of the heat pipe is shown in Fig. 4.

FromFig. 4, it can be seen that the trend of axial temperature distribution in the center
of the heat pipe under different horizontal acceleration conditions is basically the same,
and the heat pipe is in steady state. At this time, the heat pipe shows good homogeneity
in the evaporation section, the adiabatic section and the beginning of the condensation
section, and the temperature decreases faster at the end of the condensation section of
the heat pipe, and finally stabilizes. With the increase of horizontal acceleration, the
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Fig. 4. Axial temperature distribution in the center of the heat pipe

temperature at the end of the condensing section increases, which indicates that the heat
transfer performance of the heat pipe is improved.

4.2 Effect of Horizontal Acceleration on Heat Transfer Performance of Heat
Pipes

In order to compare the heat transfer capability of potassium heat pipe easily, the equiva-
lent thermal resistance is used to describe the heat transfer performance of the heat pipe,
which can be given by Eq. (10). The trend of the equivalent thermal resistance of the
heat pipe with increasing horizontal acceleration is given in Fig. 5.

Fig. 5. Variation of equivalent thermal resistance of heat pipe with horizontal acceleration

FromFig. 5, it can be seen that the equivalent thermal resistance of the heat pipe under
different input thermal power has basically the same trend, and the equivalent thermal
resistance shows a trend of first decreasing and then slightly increasing with the increase
of horizontal acceleration. Under the same horizontal acceleration, the equivalent ther-
mal resistance of the heat pipe decreases with the increase of the input thermal power.
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The minimum thermal resistance of the heat pipe occurs between 5 m/s2 and 10 m/s2

acceleration. When the heat pipe is in a smaller horizontal acceleration condition, the
heat pipe moves with the heat pipe reactor, the effect of gravitational acceleration is
greater than the effect of horizontal acceleration, and the heat pipe as a whole shows the
form of vertical heat transfer; when the horizontal acceleration exceeds the gravitational
acceleration, the effect of gravitational acceleration on the heat transfer of the mass in
the heat pipe decreases, and the heat pipe gradually changes from vertical heat transfer to
horizontal heat transfer, the equivalent thermal resistance increases, and the heat transfer
performance of the heat pipe decreases.

4.3 Influence of Input Thermal Power on Heat Pipe Temperature

(1) Surface temperature of outer wall

The distribution of the temperature on the outer wall surface of the heat pipe when
the input thermal power of the evaporating section of the heat pipe is changed under no
horizontal acceleration is shown in Fig. 6.

Fig. 6. Temperature distribution on the outer wall surface of the heat pipe

From Fig. 6, it can be seen that the temperature distribution of the outer wall surface
of the heat pipe under different input thermal power conditions is basically the same,
showing a trend of first decreasing and then increasing. The evaporation and adiabatic
sections of the heat pipe show good temperature homogeneity, and the end of the con-
densing section also shows the phenomenon of temperature increase, and the degree of
temperature increase increases with the increase of the input thermal power.

(2) Central axial temperature

The distribution of the axial temperature at the center of the heat pipe when the input
thermal power of the evaporating section of the heat pipe is changed without horizontal
acceleration is shown in Fig. 7.
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Fig. 7. Axial temperature distribution in the center of the heat pipe

From Fig. 7, it can be seen that the trend of axial temperature change in the center of
the heat pipe under different input thermal power conditions is basically the same. The
heat pipe is in steady-state operation, and the axial temperature difference at the center
of the heat pipe decreases with the increase of the input thermal power, indicating that
the overall heat transfer performance of the heat pipe can be improved by increasing the
input thermal power within a certain range.

4.4 Influence of Input Thermal Power on Heat Transfer Performance of Heat
Pipe

Figure 8 gives the trend of the equivalent thermal resistance of the heat pipe with
increasing heating power.

Fig. 8. Variation of equivalent thermal resistance of heat pipe with heating power

From Fig 8, it can be seen that the trend of equivalent thermal resistance of heat pipe
under different horizontal acceleration conditions is basically the same. The equivalent
thermal resistance shows a decreasing trend with the increase of heating power. In the
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studied heating power range, when the heating power increases, the evaporation in the
heat pipe evaporation section intensifies, the thermal resistance decreases, and the overall
heat transfer performance of the heat pipe is improved. With the increase of heating
power, the degree of thermal resistance affected by heating power gradually decreases.

5 Conclusion

Based on the multi-physics field simulation software COMSOL Multiphysics, the heat
transfer characteristics of the steady-state operation of heat pipes in a mobile heat pipe
stack are investigated, and the effects of horizontal acceleration and variation of input
thermal power on the heat pipe center temperature, wall temperature and equivalent
thermal resistance are obtained.

(1) The overall temperature variation of the outer wall surface of the heat pipe is less
influenced by horizontal acceleration and more influenced by the input thermal
power in the study range. The wall surface temperature increases with the increase
of the input thermal power. The temperature increase existing at the end of the
condensing section is suppressed by the increase in acceleration and the decrease
in input thermal power.

(2) The axial temperature variation at the center of the heat pipe is less affected by the
horizontal acceleration and more affected by the input thermal power in the studied
range. The wall surface temperature increases with the increase of input thermal
power.

(3) The equivalent thermal resistance of the heat pipe shows a trend of decreasing and
then increasing with the increase of horizontal acceleration in the study range, and
decreases with the increase of input thermal power, and the effect of the change of
acceleration on the thermal resistance becomes smaller with the increase of input
thermal power.
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Abstract. Direct contact condensation (DCC) is widely occurred in nuclear
power systems and leads to undesired phenomena such as condensation-induced
water hammer. For ocean nuclear power ships, DCC is inevitable in the passive
heat removal system and influenced by sea conditions. In this paper, the character-
istics of DCC under rolling conditions are analyzed. The numerical model of DCC
is established based on computational fluid dynamics approach. The VOF model,
SST k–ω turbulence model and the additional inertia force model are incorporated
to describe the liquid-gas two-phase flow under the rolling motion. The condensa-
tion model based on surface renewal theory (SRT) is used to simulate steam-water
DCC phenomenon. The simulation results are compared with the experimental
data and show reasonable agreement. The effects of rolling motion on DCC for
steam injection into a horizontal pipe filled with cold water are numerically inves-
tigated. The results show that the additional inertial forces and the average con-
densation rate increase with the increase of the rolling angle and frequency. The
reverse flow of the seawater induced by rolling motion leads to the accumulation
of the steam at the lower part of the pipe, resulting in a large pressure pulse. With
the increase of rolling angle and frequency, the pressure pulse induced by DCC
increases.

Keywords: Ocean nuclear power ships · Direct contact condensation · Rolling
motion · Average condensation rate · Pressure pulse

1 Introduction

For the ocean nuclear power ships, the direct contact condensation (DCC) phenomenon
is inevitably occurred due to the efficient heat transfer characteristics [1, 2]. In addition,
when the nuclear power system is working in the marine environment, it will inevitably
be affected by the ocean environment and produce a series of motions, such as heaving,
pitching and rolling [3, 4]. These motions will affect the two-phase flow and heat trans-
fer characteristics in the cooling systems [5]. Therefore, the research of the transient
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behaviors of the DCC phenomenon under ocean conditions is of great significance for
the application of the ocean nuclear power ships.

At present, many experimental and numerical simulation researches have been con-
ducted to focus on the DCC under static conditions [6]. Prasser et al. (2008) experimen-
tally observed the DCC events induced by steam-water counterflow in the horizontal
pipe, and focused on the number of pressure pulse and formation of steam slug [7].
Chong et al. (2020) experimentally studied the DCC phenomenon induced by steam dis-
charged into a horizontal pipe and focused on the condensation induced water hammer
induced phenomenon by the DCC [8]. Sun et al. (2020) experimentally observed the
DCC phenomenon in the passive heat removal system for offshore application and ana-
lyzed the formation mechanism [9]. Wang et al. (2022) simulated the DCC phenomenon
in the horizontal pipe by the ANSYS FLUENT software, and captured the formation
process of DCC phenomenon by the VOF method [10].

The typical motion of the floating structures under ocean conditions, such as rolling
motion, will generate various additional forces and further affect the coolant flow and
heat andmass transfer. Peng et al. (2020) numerically studied the effect of rollingmotion
on the void distribution of subcooled flow boiling. The results indicated that the void
fraction distribution is sensitive to the rolling period [11].Wang et al. (2022) numerically
investigated the flow characteristics of gas-liquid two-phase flowunder rolling condition.
They found that the void fraction presents periodical variation and will induce complex
secondary-flow phenomenon [12]. Chen et al. (2022) numerically studied the dominant
oscillation frequency of the unstable steam jet under rolling condition and indicated
that the Coriolis force has a great influence on the dominant oscillation frequency [13].
Therefore, the effects of rolling motion on boiling two-phase flow and gas-liquid two-
phase flow have attracted enough attention from relevant researchers.

Based on the literature review, the present study aims to study the transient behaviors
of the direct contact condensation (DCC) phenomenon under rolling conditions. The
DCC numerical model framewas established based on the volume of fluid (VOF)model,
the condensation model and the rolling motion model. The additional inertial forces,
formation process, average condensation rate, and pressure behaviors were obtained to
study the effects of rolling motion on the DCC phenomenon.

2 Mathematic Model

2.1 Two-Phase Flow Mode

The direct contact condensation usually occurs at the steam-subcooledwater interface, so
obtaining a clear steam-subcooled water interface is the key to the numerical simulation.
Previous studies indicated that the VOFmodel has significant advantages in tracking the
gas-liquid interface [14]. Hence, the VOFmodel is used to describe the steam-subcooled
water two-phase flow in the present study. The tracking of the steam-subcooled water
interface is by solving the continuity equation for the volume fraction of each phase.
The conservation of mass as follow:

∂(αvρv)

∂t
+ ∇ · (αvρv

−→u ) = Sm (1)
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There exists a closed equation for the volume fraction of gas phase and liquid phase:

αv + αl = 1 (2)

In the VOF model, the gas and liquid phase share a set of momentum equations. The
surface tension and the additional inertial forces are added to the momentum equation
in the form of source terms. The momentum equation as follow:

∂
(
ρ
−→u )

∂t
+ ∇ · (

ρ
−→u −→u ) = −∇P + ∇

[
μ

(
∇−→u + (∇−→u )T)]

+ ρ
−→g + −→

F st + −→
F roll

(3)

Similarly, the gas and liquid phase share a set of momentum equation, as follow:

∂

∂t
(ρE) + ∇ · (�v(ρE + P)) = ∇

⎛

⎝keff ∇T −
∑

j

hj�Jj +
(=
τ eff · �v

)
⎞

⎠ + Qm (4)

where: theQm represents the energy source term and is modeled by the UDF, the specific
form refers to the Sect. 2.2.

In the present study, the SST k − ω turbulence model is used to compute the tur-
bulence characteristics induced by the rolling motion [15]. The governing equations as
follow:

The equation of turbulent kinetic energy:

∂(ρk)

∂t
+ ∂

∂xj

(
ρkuj

) = ∂

∂xj

[
Γk

∂k

∂xj

]
+ Gk − Yk + Sk (5)

The equation of specific dissipation rate:

∂(ρω)

∂t
+ ∂

∂xj

(
ρωuj

) = ∂

∂xj

[
Γω

∂ω

∂xj

]
+ Gω − Yω + Dω + Sω (6)

where: the Gk is the turbulent kinetic energy term due to velocity gradient, Γk and Γω

represent the convective term of k and ω, Yk and Yω represent the effective diffusion
term of k and ω induced by turbulence, Yk represents the cross convective term. Sk and
Sω represent the user-defined source terms.

2.2 Condensation Phase Change Model

During the process of condensation induced water hammer, only the condensation phe-
nomenon occurs. It is assumed that condensation occurs only at the steam-subcooled
water interface. The heat and mass transfer during the condensation is calculated by
the UDF, and then added to the momentum and energy conservation equation [16]. The
energy source term represents the heat transfer from the steam phase to the water phase
at the interface, which is expressed as:

Qm = HTC · aint · (Tsat − Tl) (7)
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where: the HTC is the heat transfer coefficient, aint is the interfacial area density, Tsat is
the saturated temperature, Tl is the subcooled water temperature.

For the VOF model, the absolute value of volume fraction gradient is defined as the
interfacial area density [17], which is expressed as:

aint = |∇αl | = ∂αl

∂n
(8)

where: αl is the liquid volume fraction, n is the unit vectors.
Mass transfer source can be obtained on the basis of the energy transfer source,

which is expressed as:

Sm = Qm

hlv
(9)

where: hlv is the latent heat with a constant value of 1026 kJ/ kg

2.3 Rolling Motion Model

In the present study, the additional inertial forcemethod is utilized to calculate the effects
of rolling motion. Figure 1 shows the relationship between the non-inertial frame and
inertial frame [18]. The additional inertial forces mainly include the centripetal force
(Fce), tangential force (Fta), and Coriolis force (Fco).

Fig. 1. Relationship between the non-inertial frame and the inertial frame.

The additional inertial force method involves two reference frames, an inertial frame
and a non-inertial frame. The geometric model moves relative to the inertial frame, and
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we only considered the rolling motion in the YOZ plane. Hence, the equations of rolling
motion are as follows [30]:

θ(t) = θmsin

(
2π t

T

)−→
i (10)

ω(t) = 2π

T
θmcos

(
2π t

T

)−→
i (11)

ε(t) = −4π2

T 2 θmsin

(
2π t

T

)−→
i (12)

In conclusion, the additional inertial force can be calculated as follows:
−→
F roll = −ρ(

−→g + −→ε (t) × −→r + −→ω (t) × (−→ω (t) × −→r ) + 2−→ω (t) × −→u r) (13)

2.4 Defined Geometry and Mesh Generation

Formarine floating structures, the nuclear reactor is usually arranged in the reactor room.
The DCC events mainly occurs in the upper horizontal pipe, as depicted in Fig. 2 (a).
In addition, the length and inner diameter of the geometric model is 2.0 m and 0.1 m
respectively [19]. In order to ensure the calculation convergence, the structured grid
was generated in the ANSYS ICEM software, and the boundary layer was densified, as
shown in Fig. 2 (b).

Fig. 2. Determination of geometric model and mesh generated

In this paper, the commercial CFD software Ansys Fluent 2020 has been utilized to
conduct the numerical simulation. The numerical simulations adopt the pressure-based
solver. The pressure- velocity coupling scheme adopts the pressure-implicitwith splitting
of operators (PISO). The QUICK discretization scheme is applied to the momentum and
energy equations [20]. Geo-Reconstruct scheme is applied to the spatial discretization
for volume fraction.
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3 Results and Discussion

3.1 Mesh Independence Test

Themesh independence test was conducted with three different mesh sizes in the present
study. The minimum size of the three meshes were selected 1 mm, 0.5 mm and 0.25 mm,
respectively. Then, the temperature evolution and the variation of liquid volume fraction
under different mesh sizes were analyzed. As depicted in Fig. 3 (a), with the decrease
of the minimum size, the trend of the temperature evolution is gradually consistent. The
mesh sizes also affect the variation of the liquid volume fraction. With the mesh size
decreased from 0.5 mm to 0.25 mm, the variation trend of the liquid volume fraction
is gradually consistent, as shown in Fig. 3 (b). Therefore, the subsequent numerical
simulations are based on the mesh with the minimum size 0.5 mm.

Fig. 3. The temperature evolution and variation of liquid volume fraction under different mesh
sizes

3.2 Validation of DCC Numerical Model

Weconducted the verification of theUDFby comparing the PMK-2 experimental results.
The geometric model and boundary conditions of the PMK-2 experiment is shown in
Fig. 4 (a). We selected the monitoring points T4 to compare the temperature evolution
between the numerical simulation and experiment. Figure 4 (b) shows the comparison of
the temperature evolution in T4 between the numerical simulation and experiment. The
results indicated that the temperature step time obtained by the numerical simulation is
basically consistent with the experiment. In summary, the present condensation model
can effectively simulate the condensation behaviors and provide a guarantee for the
subsequent numerical simulation of the DCC events.
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Fig. 4. PMK-2 experimental facility and temperature validation

3.3 DCC Process Under Rolling Conditions

Figure 5 shows the formation process of the CIWHphenomenon under rolling condition.
Similarly, the stratified-wave flow is formed in the horizontal pipe at the early stage. From
0 to T/4, the additional inertial force accelerates the reverse flow of the subcooled water.
During the process of the reverse flow, the saturated steam is continuously squeezed
down the pipe until the isolated steam bubble is formed. From T/4 to T/2, the isolated
steam bubble is surrounded by the subcooled water, and the steam bubble collapse
quickly due to the DCC. At T/2, the condensation induced water hammer occurs. After
the CIWH event, the horizontal pipe is filled with water and has a larger subcooling.
Hence, from T/2 to T, the saturated steam flowing into the pipe is rapidly condensed,
and the formation mechanism of the CIWH disappears. With the temperature field in the
horizontal pipe increases, the saturated steam can flow into again, which in turn triggers
a newCIWH event. In summary, the formationmechanism of the CIWH under static and
rolling condition is basically the same. While, it is worth noting that the rolling motion
complicates the reverse flow of the subcooled water and the DCC phenomenon.

3.4 Effect of Rolling Motion on Condensation Rate

The condensation rate is a key parameter to describe the DCC phenomenon. Thus, the
effects of rolling motion on the condensation rate are numerically studied. The conden-
sation rate is calculated by the UDF and recorded by the UDM function in the present
study. As depicted in Fig. 6 (a) and (b), compared to the static condition, the average
condensation rate under rolling conditions has a remarkable increase. The average con-
densation rate has a tendency to decrease as the rolling period increased, and has a
tendency to increase with the rolling angle increased. This is mainly due to the larger
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Fig. 5. The formation process of the direct contact condensation under rolling conditions.

rolling angle and high rolling frequency enhanced the contact area between the steam
and subcooled water, which in turn improved the capacity of heat and mass transfer
at the steam- subcooled water interface. In addition, the average condensation rate is
proportional to the steam inlet velocity, as depicted in Fig. 6 (c) and (d). This is mainly
due to the increase of the steam inlet velocity increased the amount of steam in the pipe,
and then increased the average condensation rate.

3.5 Effect of Rolling Motion on Pressure Behaviors

Figure 7 shows the comparison of the pressure behaviors induced by the DCC events
under static condition and rolling conditions. The main pressure behaviors observed in
the time domain signals are as flows: (1) the pressure peak under rolling conditions
is obviously greater than that under static condition. This is mainly due to the larger
condensation rate and reverse flowof subcooledwater under rolling condition aggravated
the pressure peak. (2) the pressure behaviors under rolling conditions are more complex,
which present periodic fluctuations after generating the violent pressure peak. This is
mainly due to the rapid formation and collapse of the isolated steam bubbles in the
early stage of the rolling motion. Then the subcooled water filled with the pipe, and the
saturated steam is completely condensed at the pipe inlet due to the larger subcooling.
Therefore, the periodic fluctuation is mainly induced by the subcooled water flow under
the rolling motion. (3) the pressure peak decreased with the rolling period increase and
increased with the rolling angle increase. This is mainly due to the high-frequency and
large-angle rolling motions have aggravated the reverse flow of the subcooled water and
increased the average condensation rate. In addition, we also found that as the steam
inlet velocity is constant, the occurrence positions of the pressure peaks under different
rolling parameters are consistent.
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Fig. 6. Effects of rolling motion and steam inlet velocity on the average condensation rate

Fig.7. Comparison the pressure behaviors between the static condition and different rolling
conditions
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4 Conclusions

In this paper, the direct contact condensation (DCC) numerical model under rolling
conditions is established based on the CFD code combined with UDFs. The effects
of rolling motion on the transient behaviors of the DCC are investigated, including
transient formation process, average condensation rate and pressure behaviors. Themain
conclusions are summarized as follows:

(1) The rolling motion intensifies the reverse flow of subcooled water and causes the
gas phase to be continuously squeezed moved down the pipe until an isolated steam
slug is formed. The volume of the steam slug is significantly larger than that in
the static condition, and the steam-subcooled water contact area is significantly
increased.

(2) The average condensation rate under rolling conditions is always larger than that
in the static condition. This is mainly due to the large volume of isolated steam
bubbles increasing the steam-subcooled water contact area. With the increase of
the rolling angle and decrease of the rolling period, the average condensation rate
increased.

(3) Under rolling condition, the pressure behaviors are more complex and the pressure
peak induced by the DCC is increased significantly. This is largely because the
rolling motion intensifies the subcooled water reverse flow and enhances the con-
densation rate. Similar, the pressure peak by the DCC increases with the increasing
rolling angle and rolling frequency. In addition, the location where the pressure
peak occurred gradually moves towards the pipe outlet with the steam inlet velocity
increased.

Acknowledgments. Thisworkwas sponsored byYoungTalent Project of ChinaNationalNuclear
Corporation and LingChuang Research Project of China National Nuclear Corporation.
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Abstract. During the operation of the floating nuclear power plant, if the floating
nuclear power plant is anchored near the shore for power generation, it may be
impacted by runaway ships. If the impact causes damage to the tank of the float-
ing nuclear power plant and water inflow, and even damage to the containment
structure, it will seriously threaten the structural safety of the floating nuclear
power plant and even threaten nuclear safety. This paper uses the explicit dynam-
ics method to establish two models of dry/wet impact. It assumes that the 5000T
container ship will laterally impact the reactor compartment of the floating nuclear
power plant at a speed of 2 m/s, and the effects of the fluid domain (water and
air domain) are ignored/counted in the calculation process. Then, comparing the
effects of the above two models of dry/wet impact on the calculation duration, the
damage and water ingress state of the floating nuclear power plant, the stress of
the steel containment (including support). Studies have shown that if the relevant
personnel do not need to understand the effect of water intrusion into the damaged
cabin, the influence of water and air domain on the impact simulation results can
be ignored, and the dry model can be directly used for calculation.

Keywords: Floating nuclear power plant · dry/wet impact · fluid-structure
interactions

1 Introduction

Ship impact refers to the accident that ships contact and cause damage at sea or in
navigable waters connected with the sea. It often leads to disastrous consequences, such
as casualties, sinking of ships, and even environmental pollution. There aremany reasons
for ship impact accidents, and researchers in many countries are trying to find ways to
avoid ship impact accidents [1]. At present, due to the influence of human factors, ship
impact accidents cannot be completely eliminated. For floating nuclear power plants, it
is more important to study the dynamic response of impact. Once a ship collides with
a floating nuclear power plant, it will not only cause serious economic losses, but also
cause more terrible harm to the environment that is difficult to evaluate [2, 3].

There are three main methods for impact analysis of ship structures: experimen-
tal method, simplified analytical method and numerical simulation method. The test
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method includes actual accident investigation and real ship or ship model impact test.
The results obtained by it are very intuitive and have self-evident guiding significance
for the theoretical method [4, 5]. However, it often costs a lot of money. The accuracy of
the simplified analytical method is relatively low. It simplifies a lot of ships in impact.
Using the analytical method and some empirical data, it establishes the semi analyti-
cal/semi empirical mechanical equations of the hull or local ship structures to evaluate
the impact characteristics of the hull. The advantage of numerical simulation method is
that it can reproduce the real ship impact scene virtually. With the help of some finite
element analysis software, various physical quantities in the process of ship impact can
be output as results [6].

With the continuous upgrading and development of computer software and hard-
ware technology and the increasing progress and maturity of finite element technology,
explicit finite element numerical simulation technology has gradually received attention
in the research of ship impact, and the research of ship structure impact based on full
coupling technology has become gradually feasible. This paper mainly uses ANSYS-
APDL software to establish the impact model, and uses the nonlinear explicit dynamics
analysis software ANSYS workbench LS-DYNA to solve the analysis. Based on the
comparison of dry/wet calculation results, the applicability of the two impact models is
studied.

2 Modeling and Theoretical Basis

2.1 ANSYS APDL Model Parameter Settings

Container ships and floating nuclear power plants are modeled by 4-node shell181 shell
element and beam188 beam element in classic ANSYS (after importing work bench LS-
DYNA, it is automatically converted to LS-DYNA applicable element types: shell163
and beam161). The plate thickness is divided into 15, 18, 20, 22, 24, 26, 28, 30, etc. The
grids at the bulbous bow of the container ship and the impact part on the port side of the
floating nuclear power plant are densified (Figs. 1 and 2).

After the model is processed in classical ANSYS, three CBD files of stern contain-
ment, floating nuclear power plant (excluding stern containment) and container ship
are written respectively, and then imported into workbench LS-DYNA module for pre
impact model processing.

2.2 Contact Algorithms and Contact Types

The contact impact algorithm in LS-DYNA usually has the following methods:

(1) Dynamic constraint method

As the contact algorithm first used in dyna program, the basic principle of dynamic
constraint method is: before calculating and running each time step �T, retrieve those
slave nodes that currently have no penetration with the master surface, and retrieve
whether these slave nodes have penetration with the master surface at this time step.
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Fig. 1. Finite element model of container ship.

Fig. 2. Finite element model of floating nuclear power plant.

If there is penetration, reduce the time step �T. under the reduced time step, the slave
node just contacts the main surface but does not penetrate the main surface. However,
when the mesh division of the master surface is fine, some nodes on the master surface
can penetrate the slave surface without constraints, which has a great impact on the
accuracy of the calculation results. This algorithm will not be applicable. To sum up,
this algorithm has certain limitations and is relatively complex, so it is only used for
fixed connection and fixed connection disconnection contact at present.

(2) Distributive parameter method

The basic principle is: distribute half of the mass of each slave unit being contacted
to the main surface being contacted, and distribute positive pressure at the same time.
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Then, the principal surface acceleration is corrected. Finally, the acceleration andvelocity
constraints are imposed on the slave node to ensure that the slave node does not slide
and avoid rebound.

(3) Penalty function method

This method is widely used in numerical calculation. The basic principle is: in each
time step, check whether the slave node passes through the main surface. If not, do
not deal with it. On the contrary, a larger surface is introduced between the slave node
and the penetrated surface. The size of this contact surface is related to the penetration
depth and the stiffness of the main surface, also known as the penalty function value. Its
physical meaning is that a spring is placed between the two to limit the penetration, as
shown in the following figure. The so-called symmetric penalty function method means
that the program processes all master nodes according to the above steps, using the same
algorithm as the slave nodes (Fig. 3).

Fig. 3. Penalty function method.

The magnitude of contact force is expressed by this formula: In the above formula:
k is contact interface stiffness, is penetration.

Because the symmetrical penalty function method is adopted, the calculation of this
method is simple, the hourglass phenomenon in the impact process is not obvious, and
there is no noise impact. The energy conservation in the system is accurate, symmetrical
and the momentum conservation is accurate, and the impact conditions and release
conditions are not required. If obvious penetration occurs in the calculation process, it
can be adjusted by enlarging the penalty function value or reducing the time step.

Among the three algorithms, the dynamic constraint method is mainly applicable to
the fixed interface, the distributed parameter method is mainly used for the sliding inter-
face, and the symmetric penalty function method is the most commonly used method.
The following problems in contact analysis should be paid attention to: first, in terms
of data, try to make the material data accurate, because the accuracy of most nonlinear
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dynamic problems is related to the mass density of the input data; Second, in terms of
units, the definition of material properties is to coordinate units, which will cause abnor-
mal response and even calculation problems; Third, in terms of contact, the calculation
efficiency varies greatly with different contact types. It is best to use automatic contact
types and be particularly cautious about complex problems; Fourth, multiple contacts
should be defined in the definition process.

Contact problem is state nonlinear, and is a highly nonlinear behavior, which requires
more computer resources. There are twomajor difficulties in simulating contact problems
with finite elements: the user usually does not know the contact area until the problem
is solved. Moreover, it is difficult to estimate the time when their contact surfaces are
separated. Changes in the two contact surface materials, loads, boundaries, and other
conditions will also change the analysis of the contact problem. In LS-DYNA, contact
is not simulated by elements that are in contact with each other, but by contact surfaces
that may be in contact. By setting the contact type and parameters, the contact-impact
interface algorithm is used to solve the problem. Common contact types are single-
surface contact, node-to-surface contact, and surface-to-surface contact.

2.3 Workbench LS-DYNA Model Preprocessing

Since the displacement of the container ship is 5000t and the ship type has been deter-
mined, the draft of the container ship is set to 8 m in this simulation. In addition, in order
to reduce the simulation time, the distance between the container ship and the floating
nuclear power plant is adjusted to about 0.1 m, and the impact position is the port side
in the middle of the stern bunker. The three-dimensional and finite element models are
shown in the following (Figs. 4, 5 and 6):

Fig. 4. Three dimensional model of impact between two ships.

Fig. 5. Finite element model of two ship impact.
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Fig. 6. Local finite element mesh refinement model of two ship impact.

Define the material properties. The material of the floating nuclear power plant
(except the stern containment) is defined as nonlinear structural steel, Poisson’s ratio
is set to 0.3, elastic modulus is set to 2.06 × 1011Pa, tangent modulus is set to 1.45 ×
109Pa, and yield strength is set to 3.55 × 108Pa. In order to make the floating nuclear
power plant have the possibility of damage, it is necessary to add a plastic strain failure
criterion, and its maximum equivalent plastic failure criterion is set to 0.0035, according
to the young’s modulus.

Connection relationship settings. The single surface only type suitable for the beam
shell hybrid model in the body interaction is adopted, and the constraint for forming
contact algorithm with high accuracy is adopted for the flexible constraint algorithm.
In addition, the contact and connection between the stern containment and the floating
nuclear power plant are realized by using body to body fixed, and the coupling point is
set as flexible coupling (Fig. 7).

Fig. 7. Connection between containment and floating nuclear power plant.

Loads, boundary conditions and analysis settings of workbench LS-DYNA. Fix the
bow and stern surfaces of the floating nuclear power plant rigidly, as shown in Figs. 8
and 9. Set the end time to 3.5 s, and the calculation accuracy is double precision. Set the
speed of the container ship to 2 m/s and the direction to −y, and conduct body tracking
for the container ship, the floating nuclear power plant and its containment, so as to check
the contact force later. In addition, it can provide data for subsequent fatigue analysis
and ultimate bearing capacity analysis.
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Fig. 8. Rigid fixed surface 1.

Fig. 9. Rigid fixed surface 2.

3 Comparison of Simulation Results

3.1 Equivalent Stress During Impact

For dry impact, the time history curve of the maximum equivalent stress of the whole
ship is shown in Fig. 10. The maximum equivalent stress is 360 MPa, which occurs in
0.471 s, as shown in Fig. 11. The degree of damage is shown in Fig. 12. The simulation
results show that the damage range of the hull outer plate is small, and the deformation
of the bulkheads is small and undamaged.

Fig. 10. The time history curve of the maximum equivalent stress of the whole ship

For dry impact, the maximum equivalent stress of the containment is 331.7 MPa,
which occurs at 0.319 s as shown in Fig. 13.

For wet impact, the maximum equivalent stress of the whole ship is about 360 MPa,
which occurs at 0.48 s, as shown in Fig. 14. The degree of damage is shown in Fig. 15.
Figure 16 shows the details of the water ingress of the damaged tank. The maximum
equivalent stress of the containment is 304.3MPa, which occurs at 0.320 s, as shown in
Fig. 17.
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Fig. 11. Equivalent stress cloud diagram of the whole ship at 0.471 s

Fig. 12. Damage diagram of the whole ship at 0.471 s

Fig. 13. Equivalent stress cloud diagram of containment at 0.319 s
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Fig. 14. Equivalent stress cloud diagram of the whole ship at 0.48 s

Fig. 15. Damage diagram of the whole ship at 0.48 s

Fig. 16. The water ingress of the damaged tank.

3.2 Force Analysis of Supports During Impact

For dry impact, the time history curve of the horizontal force on the containment support
is shown in Fig. 18–20. The maximum translational force of the containment support in
theXdirection is 1.04×106N , which occurs in 0.655 s; Themaximum translational force
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Fig. 17. Equivalent stress cloud diagram of containment at 0.320 s

Fig. 18. The time history curve of the horizontal force on the bearing in the X direction

Fig. 19. The time history curve of the horizontal force on the bearing in the X direction

in the Y direction is 4.09× 106N , which occurs in 0.384 s; The maximum translational
force in the Z direction is 2.25× 106N , which occurs in 0.453 s.
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Fig. 20. The time history curve of the horizontal force on the bearing in the Z direction

For wet impact, the maximum translational force of the containment support in the
X direction is 1.03× 106N , which occurs in 0.659 s; The maximum translational force
in the Y direction is 4.09× 106N , which occurs in 0.388 s; The maximum translational
force in the Z direction is 2.25× 106N , which occurs in 0.456 s.

For dry impact, the time history curve of the rotating force on the containment support
is shown in Fig. 21–23. The maximum rotation force of the containment support around
the X direction is 2.10 × 107N · m, which occurs in 2.753 s; The maximum rotation
force around the Y direction is 7.78×106N ·m, which occurs in 0.396 s; The maximum
rotation force around the Z direction is 1.11× 107N · m, which occurs in 0.384 s.

Fig. 21. The time history curve of the rotating force on the bearing in the X direction

Fig. 22. The time history curve of the rotating force on the bearing in the Y direction

For wet impact, the maximum rotation force of the containment support around the
X direction is 2.09 × 107N · m, which occurs in 2.807 s; The maximum rotation force
around the Y direction is 7.78 × 106N · m, which occurs in 0.409 s; The maximum
rotation force around the Z direction is 1.11× 107N · m, which occurs in 0.384 s.
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Fig. 23. The time history curve of the rotating force on the bearing in the Y direction

4 Conclusion

The simulation time of wet impact is 2.5 times that of dry impact, and the equivalent
stress of the whole ship, the equivalent stress of the containment, the damage degree of
the hull and the force of the support are not much different. So, if the relevant personnel
do not need to understand the effect of water intrusion into the damaged cabin, the
influence of air and water on the impact simulation results can be ignored, and the dry
mode can be directly used for calculation.
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Abstract. To ensure the safety of PWR-core operation, three-dimensional whole-
core transient analysis needs to be carried out for the sake of the pin-power dis-
tribution. For this purpose, this paper presents “Bamboo-Transient 2.0”, a three-
dimensional pin-by-pin transient analysis program. The program adopts a fully-
implicit backward method with finite difference for time variable discretization,
a method of exponential function expansion nodal (EFEN) SP3 for the neutron
transport calculation, and a multi-channel model for the thermal feedback calcu-
lation. In addition, Picard iteration is used to couple the neutronics with thermal-
feedback, which is intended to guarantee the convergence of coupling iteration at
each time step. Moreover, the program can perform parallel computing based on
Message Passing Interface (MPI) for the whole-core pin-by-pin transient analysis.
This developed program has been applied to two commercial PWRs, viz. AP1000
and CNP1000. Numerical results of this application demonstrate that Bamboo-
Transient 2.0 canyieldmuchmore refined results than the traditional legacy coarse-
mesh neutron-diffusion programs based on assembly homogenization. Its pin-wise
distributions of state parameters are reliable and thus can satisfactorily meet the
requirements and purpose of safety analysis.

Keywords: PWR · NECP-Bamboo · Pin-by-pin · Transient analysis

1 Introduction

Compared with the steady-state operation process, the reactor core is more dangerous
in transient processes. For PWR, only by determining the hot spots and heat pipes at the
core can its safe operation be ensured and the ultra-high temperature-caused coremelting
be prevented. To find the hot spots and heat pipes at the core, the transient analysis is
supposed to be accurate in the fuel rod scale and be capable of providing various state
parameters. Thus, it is necessary to track and predict the changes in the key parameters
of the core to prevent accidents and reduce the harm after accidents if there is any. As the
traditional transient analysis method is based on the diffusion calculation of assembly
homogenization, only information in the assembly scale can be retained whereas other
relevant information in the pin scale is ignored. Therefore, in order to obtain the power
distribution of fuel rod scale, it is necessary to carry out the power reconstruction based
on a series of approximations and assumptions. Consequently, the calculation accuracy
of the traditional method is far from desirable [1].
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It is against such a background that fast and accurate transient analysis methods
for nuclear reactors are becoming increasingly important and should be designed and
developed. In recent years, a pin-by-pin transient analysis method based on pin homog-
enization has attracted extensive attention. With the pin transport calculation accom-
plished, this method can directly homogenize the calculation area and retain all kinds of
information in the pin scale. As a result, in the core calculation, the core information in
the pin scale can be obtained directly without introducing the error caused by the power
reconstruction [2]. In addition, the channel of thermal feedback should be accurate in the
rod scale so as to match with neutronics. Additionally, the transient process of PWR is a
process of coupling neutronics with thermal-hydraulics [3]. This paper presents how the
coupling of neutronics with thermal-feedback is calculated, which is to be suitable for
the pin-by-pin transient analysis. In addition, due to the significantly increased number
of computational meshes, it is urgent to improve the efficiency of whole-core pin-by-pin
transient analysis. In this paper, the parallel technology is also discussed.

The rest of the paper is organized as follows. Section 2 introduces each method in
detail. Section 3 introduces the numerical verification and analysis. Section 4, the last
part of this paper, sums up the study and concludes the paper.

2 Theoretical Models

The fully implicit method and EFENmethod are specially employed to solve the neutron
kinetics equation, whereas amulti-channel model in the pin scale is employed to treat the
heat transfer and flow process of coolant, and a 1D cylindrical heat conduction model is
employed to treat the heat conduction process in fuel rods. Picard iteration is utilized at
each time step to guarantee the convergence between neutronics and thermal-feedback.
Using MPI of distributed memory, the same spatial domain decomposition is performed
for both neutronics and thermal-feedback calculation for parallel computing, which can
significantly shorten the computing time needed by transient analysis.

2.1 Calculation of Neutron Dynamics

In the transient process of PWR, considering the influence of delayed neutrons and
adopting multi-group approximation, the neutron flux distribution at the core meets the
spatiotemporal neutron transport equations, which is shown in Eq. (1). Where, νg is the
neutron velocity of group g/cm·s−1, r the spatial location, �g the neutron angular flux
of group g/(cm3·s)−1, Ω the neutron motion direction, t the time/s, �t, g, �f, g the total,
fission cross sections of group g/cm−1, �s, g’→ g the scattering cross section from group
g’ to group g/cm−1, χp, g and χd, g, i the prompt neutron fission spectrum of group g
and the delayed neutron fission spectrum of group g, delayed group i, v the number of
neutrons per fission, Ci the precursor concentration of delayed group i, λi the decay
constant of precursor delayed group i/s−1, β i the delayed neutron fractions of group
i/pcm, g = 1, 2, …, G; i = 1, 2, …, Nd the neutron energy group index and the delayed
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neutron precursor group index.
⎧
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As Eq. (1) cannot be solved straightforwardly, it has to be discretized. First, the fully
implicit backward difference method is used for the time term [4] to obtain the equation
of the angular flux at tn+1, which is shown in Eq. (2):
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Next, the P1 approximation is used for the angle to obtain the diffusion fixed source
equation as shown in Eq. (3):

−D∇2ψ0
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0
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The SP3 approximation is used for the angle to obtain the SP3 fixed source equations
as shown in Eq. (4):
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The derivation process is described in detail in Reference [4]. Equation (3) and (4)
can be solved by using EFENmethod, whose process is described in detail in Reference
[5]. By solving the diffusion or SP3 fixed source equation at each time step, the neutron
dynamics is calculated.

2.2 Calculation of Thermal Feedback

The transient analysis of PWR entails that the coupling of neutron dynamics with tran-
sient thermal feedback is calculated. The solution to the neutron dynamics equation
requires the cross-sections of all materials in the core. To obtain these cross-sections,
the state parameters at the core are needed. Thus, thermal feedback calculation should
provide the distributions of these state parameters. Calculation of the thermal feedback
of the reactor core consists of two parts, viz. Fluid calculation of the coolant and heat
conduction calculation of the fuel rod, in which the fluid calculation is 1D calculation in
the axial direction of the flow area and the heat conduction calculation is 1D calculation
in the radial direction of the cylindrical rod.

Fluid Model
Transient mass and energy conservation equations of the coolant are shown in Eq. (5)
and (6). Where, ρ is the density of coolant/kg·cm−3, h the enthalpy of coolant/J, u the
velocity of coolant/cm·s−1, Ac the circulation area/ cm−2, qc the heat release in fuel and
qw the fuel surface heat flux.

∂ρ(z, t)

∂t
+ ∂(ρ(z, t)u(z, t))

∂z
= 0 (5)

∂(ρ(z, t)h(z, t))

∂t
+ ∂(ρ(z, t)u(z, t)h(z, t))

∂z
= Ph

qw(z, t)

Ac
+ qc(z, t) (6)

The two equations are discretized by θ difference in time to obtain the equation of
the nodal enthalpy rise. Given the parameters of the coolant at the channel inlet, the heat
flux can be obtained via the heat conduction calculation. Hence, the temperature of the
coolant can be solved in the axial direction from the inlet to the outlet.

Heat Conduction Model
1D transient heat conduction model of cylinder is shown in Eq. (7). Where, cp is the
specific heat capacity at constant pressure/(J/kg·K), k the thermal conductivity/(W/m·K),
and T the temperature/K.

ρ(r, t)cp(r, t)
∂T (r, t)

∂t
= 1

r

∂

∂r

(

k(r, t) · r · ∂T (r, t)

∂r

)

+ q(r, t) (7)

In the radial direction, the fuel pellet is divided into n meshes, the gas gap divided
into 1 mesh, and the clad divided into 3 meshes. Equation (7) is discretized by finite
difference in space and θ difference in time. The radial temperature distribution of the
fuel is obtained by Gauss-Seidel iterative calculation.
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2.3 Coupling of Neutronics with Thermal-Hydraulics

As themesh size of thewhole-core pin-by-pin neutron dynamics calculation can be either
that of a fuel rod, or a control rod or a water tunnel, the corresponding thermal feedback
adopts multi-channels in pin scale division to simulate the coolant flow between the rods.
The channel is the coolant area between fuel rods and guide tubes. The channels along
the axis can be divided into several meshes, which can exchange mass and energy with
each other, ignoring the exchange of momentums and the exchange between the radial
channels. In addition, different physical fields adopt various meshing methods while the
neutron and thermal fields uses rod-centered meshing methods and the flow field uses
channel-centered meshing method. The various methods are shown in Fig. 1.

(a) neutron and thermal fields (b) flow field

Fig. 1. Various meshing methods of physics fields

As the mapping relationships across neutron field, thermal field and flow field are
complicated, five types of conversion relationships are considered for different physical
fields as follows, which is shown in Fig. 2 as follows:

1) conversion from the nodal power of neutron field to the channel power of flow
field;2) conversion from the coolant temperature of flow field to the cladding surface
temperature of thermal fields;3) conversion from the nodal power of neutron field to the
mesh power of thermal field;4) conversion from the coolant temperature of flow field to
the nodal average coolant temperature of the neutron field;5) conversion from the fuel
temperature of thermal field to the nodal effective fuel temperature of neutron field.

Fig. 2. Conversion of various physical fields
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Traditional transient analysis calculation programs mostly use explicit coupling
method. This method can solve the neutronics equation and thermal feedback calcu-
lation separately, but cannot perform the iteration between them. Thus, the convergence
of the coupling cannot be guaranteed. To ensure the convergence, a shorter time step is
needed for this method. However, due to lack of iteration, the cost of calculation at each
time step is also low. However, implicit coupling, or rather, Picard iteration, solves the
neutronics and thermal-feedback separately. In essence, Picard iteration is intended to
solve the various physical fields in different ways through operator splitting, and then
iterates between the two physical fields to converge the coupled parameters. However,
it takes a longer time step and more convergence than the explicit coupling. In view
of this, the current study employs Picard iteration to calculate the coupling of neutron-
ics with thermal-feedback to accurately calculate the coupling. The neutron dynamics
and thermal feedback are calculated at each time step. Only when the neutronics and
thermal-hydraulics coupling iteration are converged can the next time step be calculated.
The iterative process is shown in Fig. 3.

Begin Cross section 
calculation

Neutron dynamics 
calculation

Neutron 
convergence?

Thermal feedbackThermal 
convergence

Coupled 
convergence?Next time step

End

No

Yes

Yes

No

No

Fig. 3. Neutronics and thermal-hydraulics coupling iteration.

2.4 Parallel Calculation

The parallel efficiency is mainly affected by the following factors. 1) Communication
overhead. As different threads need to communicate, it takes longer time. Thus, the
longer communication lasts, the lower the parallel efficiency. 2) Parallel computing may
degrade the iterative format, and as a result, increase the amount of computation. 3)
Multithreading may cause worthless waiting to the processes caused by load imbalance.
4) Redundant computation can be caused by parallel algorithm per se.

Given the factors above, the parallelization of whole-core pin-by-pin transient
calculation consists of the following aspects:

1) Broadcast of input parameters. To prevent multiple CPUs from using the same input
channel at the same time, a designated CPU reads the input file and then uses the
broadcast function of sending multiple data of the same type in batch at one time to
send the input information to all CPUs.
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2) Domain decomposition. The whole area on average is divided according to the
number of CPUs and the scale of calculation problems to keep the load balance
across different CPUs. Each CPU stores only the area information responsible for
calculation.

3) Node sweep and communication. To improve the parallel efficiency, the Red-Black
Gauss-Seidel node sweep method [6], which is suitable for parallel computing, is
selected to avoid the degradation in iterative format caused by parallel computing.
In addition, the fractional neutron currents only need to communicate once after the
red and black node sweep to reduce the communication overhead.

4) Post-processing of calculation results. To prevent multiple CPUs from using the
same output channel at the same time, the calculation results of all CPUs are exported
uniformly by the designated CPU.

2.5 Interim Summary

Based on the theoretical models mentioned above, a pin-by-pin program called
“Bamboo-Transient 2.0” is developed for the 3Dwhole-core transient analysis. This pro-
gram can be automatically coupled with both the lattice-calculation program “Bamboo-
Lattice 2.0” and the 3D whole-core pin-by-pin steady-state calculation program
“Bamboo-Core 2.0”. This strongly suggests that Bamboo-Transient 2.0 can improve
the function of the software package called “NECP-Bamboo 2.0” and enables the soft-
ware package to perform Pin-by-pin transient analysis for PWR-core. The calculation
flow chart of Bamboo-Transient 2.0 is shown in Fig. 4. The multi-physical coupling
iteration is shown in detail in Fig. 3.

CPU0 CPU1 CPU(N-1)

Begin Begin Begin

Read input

Send 
input

Receive 
input

Receive 
input

Domain 
decomposition

Domain 
decomposition

Domain 
decomposition

Few-group constants 
parameterized calculation

Few-group constants 
parameterized calculation

Few-group constants 
parameterized calculation

Few-group constants 
parameter database

Multi physical coupling 
iteration

Multi physical coupling 
iteration

Multi physical coupling 
iteration

Send 
output

Send 
output

Receive 
output

Output information

End End End

Fig. 4. The calculation flow chart of Bamboo-Transient 2.0.
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3 Numerical Verification and Analysis

To verify the accuracy and the analytical ability of Bamboo-Transient 2.0, the program
is applied to the transient analysis of two commercial PWRs. This section will show
the numerical verification and analysis of CNP1000 and AP1000 reactor core by using
Bamboo-Transient 2.0.

3.1 CNP1000

The rated power and the rated operating pressure of CNP1000 are 2895MWt and
15.5 MPa, respectively. There are 157 boxes of fuel assemblies at the reactor core and
57 control rod assemblies in the first cycle. The reactor core is divided into 9 groups
according to the needs of the problem. The control rods are 362.49 cm in length, which is
divided into 225 steps. The grouping of the control rods is shown in Fig. 5. The program
calculates the rod ejection in the following case: the initial power level of the core is 1%.
The control rods of the ninth group are fully inserted while the rest are all lifted. The
control rods of the ninth group are all ejected in 0–0.1 s. It takes 0.4 s to accomplish the
transient process, and the time step is divided into 0.001 s.

Fig. 5. The grouping of the control rods in CNP1000

The normalized power is shown in Fig. 6. As the control rods are gradually ejected
from the core, the normalized power of the core increases rapidly. When all the control
rods are ejected from the core, the core enters a stable state. The 3D distribution of power,
the effective temperature of fuel and the temperature of coolant are shown in Fig. 7. At
the beginning, due to the insertion of control rods, the power is distributed precipitously,
and the distribution is high outside but low inside the core. With the control rods ejected,
the power distribution is flattened. While the temperature distributions show the same
regularity, the effective temperature of the fuel and the temperature of the coolant are
more uniform than at the beginning in the radial direction after the rod ejection.

3.2 AP1000

AP1000 is the third-generation advanced passive PWRdesigned byWestinghouse. Com-
pared with the traditional PWR nuclear reactor, AP1000 adopts a passive safety system,
which further simplifies the structure of the power station and improves the safety of the
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Fig. 6. Normalized power of CNP1000

(a) power distribution at the beginning (b) power distribution at the end 

(c) effective temperature of fuel at the
beginning

(d) effective temperature of fuel at the end

(e) temperature of coolant at the beginning (f) temperature of coolant at the end

Fig. 7. Three-dimensional distribution at different time
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reactor. There are 69 groups of control rods in AP1000, including 53 groups of black
rods and 16 groups of gray rods. Some of the grey rods and black rods are employed to
form the MSHIM system of the core, which controls the reactivity and power distribu-
tion of the core with the boron containing coolant, while the remaining black rods are
employed to form the shutdown rod group [7]. The pattern of the control rods is shown
in Fig. 8.

Fig. 8. The pattern of the control rods of AP1000

Fig. 9. Normalized power of AP1000

AP1000 has designed a rapid power reduction system (RPR system). To analyze
the system, this study calculates the simulation of rod drop working condition of M1
and S2 rod groups under full power. M1 and S2 rod groups simultaneously fall into
the core within 0.1 s while the program simulates the transient process within 0.2 s.
The normalized power of the core is shown in Fig. 9. It can be seen that the core power
decreased rapidly due to the insertionof control rods into the core.At 0.1 s, the normalized
power is reduced to 40% of that at the initial time. Then, the core power increases slowly
as the fuel temperature decreases. The 3D distribution at the beginning and at the end is
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shown in Fig. 10. The figure shows that the power distribution is distorted by the insertion
of the control rod and that the power around the control rod is significantly decreased.
Besides, the effective fuel temperature also shows this regularity. At the same time, the
axial distribution of power and the fuel temperature become increasingly uneven while
the temperature of the coolant changes little and decreases slightly.

(a) power distribution at the beginning (b) power distribution at the end 

(c) effective temperature of the fuel at the
beginning

(d) effective temperature of the fuel at the
end

(e) the temperature of coolant at the
beginning 

(f) the temperature of coolant at the end

Fig. 10. Three-dimensional distribution at different time
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4 Conclusion

In order to perform the 3D whole-core pin-by-pin transient analysis, the theoretical
model of the transient analysis is established in this study as follows:

1) The pin-by-pin neutron dynamics is calculated by using the fully implicit method
and the exponential function expansion nodal method;

2) The model of 3D whole-core pin-by-pin transient thermal feedback is established
by using multi-channel in the pin scale to simulate the heat transfer and flow process
of coolant, and by using a 1D cylindrical heat conduction model to simulate the heat
conduction process in fuel rods;

3) In each time step, Picard iteration is used to perform the iterative calculation of the
coupling of neutronics with thermal-feedback;

4) Based on MPI, the parallel calculation of the 3D whole-core pin-by-pin transient
analysis is accomplished, which significantly shortens the calculation time.

To sum up, in this study, the program system that couples the pin-by-pin tran-
sient neutronics with thermal-feedback is applied to the PWR-core transient analysis of
the second-generation nuclear power CNP1000 and the third-generation nuclear power
AP1000. Both the condition for rapid rod drop power reduction and that for rod ejec-
tion accident are analyzed. The rod power distribution and fuel temperature distribution
are more refined than the traditional diffusion program of assembly homogenization.
Bamboo-transient 2.0 makes full use of the ability of pin-by-pin transient analysis and
calculation, which is more accurate than the traditional program. The working condi-
tions of the reactor core under transient conditions are simulated and speculated finely,
which provides a guarantee for the safe operation of PWR.
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Abstract. Modern training simulators core models are required to replicate plant
data for neutronic response. Replication is required such that reactivity manipula-
tion on the simulator properly trains the operator for reactivity manipulation at the
plant. This paper discusses advanced models which perform this function in real-
time using S3R, the real-time, time-dependent core model of the Studsvik Core
Management System (CMS). This paper also discusses the coupled multi-physics
of the Reactor Coolant System (RCS) model, using RELAP5 as a prototype.
Finally, this paper discusses the implementation of S3R under the control of a
server-based executive environment and instructor station, essential for training
simulator applications.

Keywords: Operational Training · Real-Time Simulation · Cycle Specific ·
Just-Time Training · Reactivity Management

1 Introduction

The Studsvik nuclear reactor analysis code, SIMULATE-3, has been extended to tran-
sient applications for both engineering analysis and real-time operator training. The
physics models used in S3R are much the same as those used for steady-state core
design/safety analysis, except that no core design or depletion calculation are done, and
some simplifications are introduced to run in real-time under the control of real-time
executive.

S3R has become the standard in 3D real-time core models for training simulator. It
has been installed in more than 90 sites worldwide. The neutronics model of S3R has
been coupled to several real-time thermal hydraulic models, including RELAP5, used
in training simulators.
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2 Neutronic Model Description

2.1 Features

The neutronics model used in S3R solves the 3-D, two-energy group, neutron diffusion
equation with one radial node to represent each fuel assembly. In the axial direction,
24–25 nodes are typically used to represent the active portion of each fuel assembly, and
one node is used to represent the upper and lower reflectors.

The S3R core model uses a fourth-order flux expansion to represent the neutron flux
distribution within each node (in each of the three directions), and the spatial gradient of
the flux can then be taken analytically (a third-order function, rather than the traditional
first-order function). This results in a much more accurate representation for the flux
than that of simpler methods.

The S3R core model uses explicit nodes (both radially and axially) to model the
PWR baffle/reflectors. This permits direct solutions for the fluxes and leakages into the
reflectors, without need for introduction of albedos (which are often used in simpler
models) to treat the leakage out of the core. The baffle/reflector nodes are treated like
any other node in the S3R core model.

2.2 Nuclear Data

Accuracy of the S3R coremodel depends not only on detailed 3-D neutronic and thermal-
hydraulic modeling, but also on accurate representation of feedback parameters. These
parameters include:

• Two-Group Macroscopic Cross Sections
• Fission Product Yields and Microscopic Cross Sections
• Assembly Discontinuity Factors (ADFs)
• Kinetics Data (Betas, Lambdas, Velocities)
• Spontaneous Fission/Alpha-n Neutron Sources
• Decay Heat Data (Fission Fractions by Isotope)
• Pin Power Distributions
• Detector Data

The functional dependence of the nuclear parameters is expressed as “base cross-
section” and several “delta cross-sections” in the form:

NPS3R
(
ρ,

√
TF,Nxe,Nsm,NBo,wfct2,wfct3

)
=

= NPBase(ρ)

+ ∂NP
∂
√
TF

(ρ) ·
(√

TF − √
TFREF

)
+

+ ∂NP
∂NBo

(ρ) · (
NBo − NREF

Bo

)+
+ ∂NP

∂CR2 (ρ) · wfct2 + ∂NP
∂CR3 · wfct3+

+δNP(Xe) + NP(Sm)

For a given core life, all the history effects are frozen and only the instantaneous effects
are input to S3R. The only instantaneous dependence is due to the moderator density,
fuel temperature, control fractions, and boron. By freezing all history dependence, the
calculation of the base cross-section is reduced to a set of 1D interpolations in density.
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2.3 Decay Heat

Following a fission event in the fuel, about 93% of the heat of fission is immediately
released, and the remaining 7% is released slowly over time.Modeling of this decay heat
is very important in transients which have large changes in power level (e.g., Reactivity
excursions, SCRAMs, and LOCAs). The fission product heat generation in S3R is mod-
eled by using the ASNI/ANS-5.1, 23-group data. The decay heat sources are initialized
as part of the steady-state solution in S3R by assuming infinite-time operation at constant
power. It can be reset at any time after shutdown (see example in Sect. 5.1).

The predominant isotopes that contribute to decay heat are U-235, U-238, Pu-239,
and Pu-241. The split among these isotopes varies from node to node with exposure.
Effect of neutron capture in fission products and contributions from heavy elements
(U-239 and Np-239) are also included.

2.4 Detectors

For in-core detectors, the detector responses are predicted as the power average from the
surrounding nodes. The geometrical weighting factors account for the axial position of
the detector. The detector constants are specified individually for each detector string and
its surrounding channels and are obtained from the data library. Their radial locations
as well as the number of axial strings and axial locations at each radial location are
provided in the S3R input file. Flux data at these locations will be accessible from the
instructor station and process computer.

In the case of ex-core detectors, top and bottom detector signals are constructed
based on weighted sums of the flux at the core boundary and reflect accurately power
imbalances and flux tilts. Detector response is based on flux value at the location of the
detectors. A weighting is used to relate the ex-core detector response to the powers of
the bundles contributing to it. Changes in the downcomer density cause changes in the
attenuation of neutron escaping from the core and reaching the detectors and its effect
is accounted for by using an empirical function of downcomer density.

3 Coupling to System Code

This section describes the algorithm and software used to expand thermal-hydraulic
data from an RCS model, such as RELAP5, to S3R and collapse nodal powers from
S3R to RELAP5-3D. RELAP5-3D is used as an example herein; however, the coupling
algorithm may be applied to any system code which can model core channels. The
RELAP5-3D model uses a coarser nodalization in the active core regions than S3R
and a method for expanding the RELAP5-3D data from this coarse nodalization to the
fuel assembly wise data needed for S3R is needed. The axial nodalization may also be
different between the models and this is addressed by the algorithm.
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For a 3-loop PWR, typically RELAP5 groups the assemblies into 4 active channels
(each representing 39¼ assemblies). The channels assignment is illustrated in the figure
below. S3R uses 5 radial power zones. The fifth zone receives the average properties
from the 4 RELAP5 channels. This is illustrated below.

In the axial direction, a possible nodalization used in RELAP5 is:

– 6 hydraulic cells per channel
– 24 heat structures per channel

S3R uses 24 axial levels per assembly (see illustration below).
A mapping scheme that takes the RELAP5 data and expands it from the RELAP5

geometry to the S3R nodalization and collapses the S3R data for use in RELAP5 has
been implemented in S3R.

The algorithm is comprised of three parts. The first part takes the thermal-hydraulic
data and expands it to S3R axial nodalization utilizing an axial power weighting scheme
in each thermal-hydraulic channel. The second part uses a power-weighting scheme to
expand the fuel temperatures in the radial direction using the last time step 3D power
distribution. The third part uses a simple enthalpy rise model and last time step 3D power
distribution to calculate the nodal moderator densities.
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A few assumptions are made:

• The number of axial subdivisions in the RELAP5 volumes and/or heat structures for
the active fuel shall be such that an integer multiple of S3R axial nodes are bound by
a volume or heat structure height.

• The number of axial subdivisions in the RELAP5 volumes and/or heat structures shall
not be greater than the S3R axial nodalization.

• The number radial flow paths used in the RELAP5 model shall only include full
assemblies, assemblies may not be subdivided.

• Thermal-hydraulic data shall be provided for the lower and upper plenum regions of
the RELAP5 model for use in the reflector cross-section calculations.

4 Interfface with Executive

S3R is used as a library used during the generation of the load regardless of the real-
time executive used on the simulator. There are basically two interface routines used to
transfer data back-and-forth between S3R and the rest of the simulator. An illustration
of what is exchanged at each time step is shown here.
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5 Cycle Update and Initial Conditions

The key factor in updating the core data on the training simulator for S3R is that all
the information needed for such an update is contained in the SIMULATE nuclear data
library and restart files. The transfer of data from core depletion calculations to the
simulator is automatic and does not require any intermediate program or additional data
manipulation.

To update the core model with data for a new cycle, the following information needs
to be supplied by the organization that maintains the CASMO/SIMULATE model:

a) Nuclear data library for the new cycle from Studsvik’s CMS system.
b) Restart file(s) for the new cycle with enough exposure points to be able to model all

core lives of interest (e.g., BOC, MOC, EOC, etc.).
c) Input and output files from the S3 core depletion calculations. This is needed to

conveniently determine the conditions used at each depletion point and the exposure
points saved on the restart file.

d) The boron concentration used during the core depletion calculations for the core
lives of interest.

e) Updated S3R input files (essentially only the ‘RES’ and ‘LIB’ cards) to provide
names of the new data files and point to the exposure of interest.

The process of updating ICs with new core data is straightforward and includes the
following steps:

• Acquire the nuclear data files (S3 restart and library files) for the new cycle
• Edit the S3R input file to point to the new nuclear data files
• Reset to an existing IC
• Set the boron concentration
• Snap to a temporary location
• Reset to snapped IC to reinitialize (this step accesses the new core data)
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• Run until steady state has been established at the desired power level, while using the
fast xenon flag to force xenon to equilibrium.

• Snap IC. Process completed.

Depending on the real-time executive, it may be possible to automatize this process
using scripts. An example from one site includes the different parts in which the con-
ditions of the existing ICs are used to generate an IC-specific restart file to be used in
updating the ICs with the new cycle core data. This is illustrated below.

6 Physics Testing

TheS3Rcoremodel has been validated against CMS results, vendor codes, and plant data
when available. As part of the implementation of S3R on a training simulator, standalone
physics testing is conducted to compare, in the case of PWRs, power distributions,
critical boron concentrations, boron coefficients, temperature coefficients, bank worths,
and xenon and samarium worths.

This is done by running S3R (with its own internal TH model) and compare it to the
design code (SIMULATE-3 or SIMULATE5). Results from the vendor’s code, typically
available in the Nuclear Design Report, are also used to validate the S3R model.

Finally, S3Rpredictions are validated against plant data, such as data collected during
the Low-Power Physics Tests conducted during the plant startup and flux maps when
these are generated.

Examples of comparison results are show below for boron letdown, temperature
coefficient, and bank worths.
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7 Core Monitoring

Many LWRS use a coremonitoring system in the plant control room. These coremonitor
systems combinemeasureddata andphysics calculations to provideoperations assistance
information. For a variety of reasons, these systems are frequently not available in the
simulated control room or are available only via a simplified emulation.
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Although conceptually simple, there have been obstacles to implementing core mon-
itoring in the simulator control room. Besides cost and hardware, one important issue
from a training point of view is accuracy. The simulator core models take the place
of measured data in the plant. The core monitoring system takes measured data and
performs calculations to predict things that are not measured. If the simulator is gen-
erating inaccurate “plant data,” the simulator core monitoring system will generate an
inconsistent plant state, and the predicted results will be unusable.

Since S3R is an engineering-grade core model and replicates closely design calcu-
lations, it can be used to provide data to a core monitoring system in lieu of the process
computer in the plant. This has been demonstrated in several sites which use the simu-
lator version of the Studsvik Core Monitoring product GARDEL. This version, called
GARDEL-SIM, runs on its own server (PC, Linux, or Unix) and responds consistently
to executive commands such a run, init, freeze, etc. It also responds to numbered Ini-
tial Conditions (ICs) or backtracks and gets “plant data” directly from the simulator
database.

The data requirement for GARDEL-SIM is the same data required by S3R. No
additional data is required.

8 Additional Items

8.1 Decay Heat Reset

S3R includes several fast flags to advance the fission products (Xe and Sm) solution or
the decay heat solution faster than real time. One option for decay heat is to be able to
reinitialize to a representative decay heat at a given time after shutdown. An example is
shown below. This figure shows three curves:

– The base case in red with the expected decrease of decay heat after shutdown
– The case with multiple reinitialization in blue with:

(1) Reinitialization to 10 days after shutdown
(2) Reset to about 52 s after shutdown
(3) Reset to about 17 s after shutdown
(4) Reinitialization to 1 day after shutdown

– Verification that time behavior after reset to 52 s after shutdown is preserved (broken
green line)

This code feature makes the control of the amount of decay heat after shutdown and
its impact on the response of the system very straightforward alleviating any need for
guessing or tuning.
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8.2 Xenon Worth

In most cases, the calculation of xenon worth edit is assumed to be proportional to the
average xenon concentration. This is a valid assumption in typical LWRs and is one of
the methods used in S3R. Not this is only used for providing a xenon.

One case where this assumption shows its limitation is when the core uses mixed
UO2 and MOX assemblies. The MOX fuel assemblies have higher initial (equilibrium)
Xenon number density due to larger yield and smaller absorption cross section, which
dominates the total xenon in the core. On the other hand, the Xenon worth is larger in
UO2 fuel (due to softer spectrum) than MOX, and this dominates the core reactivity.
Therefore, the time to peak differs between MOX and UO2.

The figure below show change in xenon concentration (red) and the change in xenon
worth (blue) following a scram. The largest xenon worth change occurs about one hour
later than the peak xenon.
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9 Conclusions

S3R and its connection to the design methods of Studsvik has been demonstrated as
the go-to tool for training simulators. Since it can directly take data from the depletion
calculations, it makes the cycle update automatic and the process of generating new
ICs fast and easy. With S3R, training anywhere in the cycle or performing just-in-time
training, is readily available.
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Abstract. Floating nuclear power plants (FNPP) are a combination of small
nuclear reactors and hull structures. The applicable design codes and simulation
analysis methods of floating nuclear power plants are nearly seldom, especially
for the ultimate strength of containment considering multi loads. In order to ana-
lyze the structural strength of the steel containment of a floating nuclear power
plant under the combined action of multiple loads, the structural response is ana-
lyzed in ANSYS considering the external hull loads and internal containment
loads such as wave loads, wind loads, current loads, hull impact loads, internal
pressure and temperature of the containment. The structural response result from
wind, wave, current, internal pressure and temperature loads are calculated, sepa-
rately, to obtain the stress field of the containment. Finally, the stress fields of the
containment generated by each load are superimposed to obtain the stress distri-
bution characteristics of the containment, and then strength assessment and stress
analysis are performed.

Keywords: Floating nuclear power plant · combined multi-load action ·
quasi-static equivalence · containment · stress analysis

1 Introduction

As small reactor technology continues to develop, the advantages of using nuclear reac-
tors on offshore floating platforms to provide energy such as electricity for areas such
as offshore oil extraction or remote areas are emerging. In addition, offshore nuclear
power plants can also meet a variety of needs such as heat supply and desalination. As
a combination of small nuclear reactors and offshore vessels, offshore floating nuclear
power plants are becoming a hot spot for engineering research applications. How to
ensure the safety of reactors and floating platforms under various accidental operating
conditions and extreme loads has become the focus of technical research on offshore
floating nuclear power plants [1].

At present, themostmaturefloatingnuclear power plant is theRussian “Lomonosov”,
which is a large unpowered barge carrying two “KLT-40” type nuclear reactors [2]. In
the USA, MIT has designed and developed a new offshore cylindrical floating nuclear
power plant that combines an advanced light water reactor with a floating platform,
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similar in structure to an offshore oil and gas plant [3]. South Korea and France have each
developed concepts for the safe design of floating nuclear power plants by submerging
them underwater [4].

The safety of floating nuclear power plants is a central factor in their structural design.
Because floating nuclear power plants have a nuclear reactor compartment that houses
the containment and support structures that encase the reactor, the safety requirements
for the containment structure during the design phase are higher than those for conven-
tional nuclear reactors and conventional marine platforms. Under the unique accident
conditions of a nuclear power plant and the superposition of multiple accident loads
in the sea, both the internal steel structure of the containment and the external support
elements are subject to material yielding or structural failure. Therefore, we need to take
into account the external hull loads and internal containment loads in various typical
marine environments, such as wave loads, wind loads, current loads, hull impact loads,
internal pressure in the containment and temperature.

In this paper, the structural response to the combined effects of multiple loads is
analyzed in ANSYS, and the structural response to the wave, hydrostatic, internal pres-
sure and temperature loads are calculated separately to obtain the stress field of the
containment under the individual effects of the above loads.

2 Materials and Methods

2.1 Study Subjects

The finite element analysis software ANSYS is used to build the overall analysis model
of the floating nuclear power plant including the hull and the containment (including
support) structure, in which the hull part uses shell cells, the bone part uses beam or
shell cells, and the steel containment (including support) uses solid cells.

The hull structure finite element model is constructed using shell181 and beam188
cells, the mesh size of the containment and support part is 0.1 m, the mesh size of the
support and hull transition part is 0.2 m, and the rest of the mesh size is 0.8 m. For the
pressure vessel structurewhich is the focus of analysis, the shell cell is used to simplify the
analysis. Steel containment shells and internal components such asmulti-layer platforms,
core shells and pressure suppression pools were established. The geometric model is
shown in Fig. 1.

Fig. 1. Geometric model of vessel structure and FNPP

Because of the special characteristics of the nuclear reactor in the containment com-
partment, the steel plate material used for the containment structure cannot be traditional
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marine steel, but needs to be high strength steel. In this paper, SA738GrB steel is chosen
as the material strength standard. The material properties are shown in the table below
(Table 1).

Table 1. SA738GrB steel material properties

Material properties SA738GrB

Young’s modulus(MPa) 2.06E5

Poisson’s ratio 0.3

Density(kg/m3) 7850

Yield limit(MPa) 415

Tensile limit(MPa) 585

2.2 Combination of Working Conditions

The containment structure needs to meet the strength requirements of the load combi-
nations under different categories of operating conditions. Combined with the design
provisions of the MC class components in the ASME Code [5], the containment loads
are divided into several categories of operating conditions such as A, B, C and D.

Referring to the onshore nuclear power plant containment analysismodel, thefloating
reactor will focus on the marine environmental loads, and the design wave is selected as
the ultimate wave load in this paper, replacing the onshore nuclear power plant seismic
load. In addition, there are external loads caused by man-made events, such as ship
collisions, as accidental load conditions for floating reactor containment. Therefore, the
design conditions and load combinations for the containment are shown in Table 2. In
the table, I to VIII denote gravity, hydrostatic pressure, ultimate wave load, operating
pressure, abnormal pressure, accident pressure, thermal load under accident conditions,
and collision load respectively.

Table 2. Combination of loads and working conditions

Load Working conditions A B C D

Fixed load I
√ √ √ √

II
√ √ √ √

Environmental loads III
√ √ √

Working load IV
√ √

Design accident
load

V
√

VI
√

VII
√ √

Artificial event load VIII
√
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2.3 Internal Pressure Loads and Temperature Loads

Nuclear power platforms with a range of design basis accidents based on regulatory or
accident analysis assumptions are a fundamental requirement for system design to be
met. For reactors, the design basis accident for floating nuclear power plant containment
can be modelled on that for land-based nuclear power plants. It is generally accepted
that the most serious baseline accident is the Loss of Coolant Accident (LOCA), which
causes an increase in containment pressure and temperature [6], and the containment
design should meet the structural integrity under this condition.

In the event of a LOCA accident, the pressure inside the containment rises rapidly
from 0.1 MPa to 0.8 MPa, and under containment pressure suppression measures the
pressure drops to about 0.6 MPa and the temperature drops to about 150 °C.

Combined with the operating conditions of a floating nuclear power plant, the maxi-
mumvessel temperature of the containment for accidental operation is 300 °F (148.89 °C)
according to the US onshore AP1000 nuclear power plant containment design control
document. In the workbench steady state thermal module, the temperature field of the
containment and the floating nuclear power plant as a whole can be simulated, and the
thermal stresses in the containment structure can then be calculated (Fig. 2).

Fig. 2. Temperature field of part of the structure

It is therefore considered that the containment abnormal pressure is 0.6 MPa and
the accident pressure is 0.8 MPa. The accidental service heat load can be calculated
indirectly by importing the.rth whole ship temperature field in ANSYS to calculate the
whole ship temperature stress.

2.4 Wave Load

The principle of design waves is to replace randomly distributed waves with a series of
regularwave equivalents. In order to be able to reflect themaximumforce on the platform,
the equivalent design waves should put the platform in the most dangerous wave loading
condition. The design wave method can simplify the calculation process of wave loads
and is widely used by the engineering community. At present, it is mainly divided into
deterministic methods, stochastic methods and long-term forecasting methods.

The stochastic design wave method is a short-term forecast of the platform through
thewave spectrum,which ismore informative than the deterministic designwavemethod
as it reflects the random nature of waves.
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Firstly, the overall hydrodynamic characteristic response and load transfer function
RAO are determined, then the appropriate wave spectrum Sw(ω) is selected based on the
meaningful wave height in the short-term sea state, and the response spectrum SR(ω) of
the wave load is calculated, i.e. SR(ω) = [RAO(ω)]2Sw(ω).

Finally, the maximum load response value R and the corresponding load transfer
function are selected to calculate the designwave amplitude. The designwave amplitude,
A, for stochastic design wave forecasting can be calculated by the following equation:
A = (Rmax/RAO). The process is shown in the diagram below (Fig. 3).
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Fig. 3. Design wave calculation flow chart

2.4.1 Frequency Domain Wave Transfer Loads

Regarding the analysis of the load-bearing characteristics of the structural system of
floating nuclear power plants under wave action, firstly, based on the overall analysis
model of floating nuclear power plants established byANSYS, the overall hydrodynamic
analysismodel of floating nuclear power plants can be established usingANSYS-AQWA
in combination with the weight of the reactor of the floating nuclear power plant, the
center of gravity and other parameters, and further carry out the overall hydrodynamic
analysis of floating nuclear power plants under all-round wave incidence angle to obtain
the relevant The wave load distribution characteristics of the overall structure of the
floating nuclear power plant in the relevant sea area were obtained.

In this project, the waves are divided into 13 directions for analysis, with wave
directions set at 15° intervals from 0° to 180°. Load them into the hull to calculate
the structural response, the structural response is the corresponding structural under the
action of unit wave amplitude, extract the combined force acting on top of the floating
nuclear power plant containment, the transfer function is the modulus square of the
extracted combined force, thus the transfer function obtained.

2.4.2 Wave and Response Spectra

Due to the shallow depth of the marine structures analyzed in this project and the com-
bined distribution of effective wave height and spectral peak period, the improved JON-
SWAP spectrum is recommended for the prediction of wave loads in different wave
directions. The improved JONSWAP spectrum is expressed in the following form.

S(f ) = βJH
2
1
3
T−4
P f −5 exp[−5

4
(TPf )

−4]γ exp[−(
f
fP

−1)2
/

2σ 2]
(1)

Wave loads on ships are forecast using spectral analysis. Short-term forecasts are
generally within a few hours, so short-term waves can be considered as a smooth normal
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stochastic process with zero mean, where the response of the ship to the waves can be
considered as a linear relationship, so the wave load response is also a smooth normal
stochastic process with zero mean. The response spectrum of a ship’s wave load can be
expressed as the product of the wave spectrum and the transfer function squared, i.e.

Sw(ω) = |Hw(ω)|2 · Sξ (ω) (2)

Considering the diffusion effect of the wave, a diffusion function can be introduced,
which is the angle between the combinedwave and themainwavedirection.Thediffusion
function can generally be taken as:

fs(θ) = 2

π
cos2 θ (3)

Calculating the nth order spectral moment of the response spectrum yields a range
of response values.

mn =
∞∫

0

π
2∫

− π
2

ωn · fs(θ) · Sw(ω)dθdω (4)

where is the spectral moment of order of the response spectrum; is the angle between
the combined wave and the main wave direction.

It has been shown that the short-term response of the ship’s wave load amplitude
follows a Rayleigh distribution with a probability distribution function F(x) of

F(x) = 1 − exp(
−x2

2m0
) (5)

m0 is the 0th order moment of the response spectrum. The amplitude of the wave load
response of the ship corresponding to any exceeded probability level in a certain sea
state can be obtained. The design value of wave load R for a ship at a certain number of
fluctuations N is:

R = √
2m0 · lnN (6)

2.4.3 Determination of Design Wave Parameters

The maximum meaningful wave height for a floating nuclear power plant in the vicinity
of the operating sea is 5.2 m with a spectral peak period of 7.8 s. The wave load design
calculates the wave bending moment at a probability level of 10–8 for a 500 years event.
The design wave amplitude is calculated by taking the maximum load response value R
and the corresponding load transfer function per unit wave amplitude. The design wave
amplitude, A, for a stochastic design wave forecast can be calculated by the following
equation:A = (Rmax/RAO).

From this the design wave height corresponding to the wave bending moment at the
10–8 probability level can be calculated, as shown in the table below (Table 3).
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Table 3. Design waves at the 10–8 probability level

Wave (°) Wave moment forecasting(N*m) RAO(N*m/m) Design wave amplitude(m)

0 6.83E + 08 6.19E + 08 1.1

15 7.21E + 08 6.00E + 08 1.2

30 8.90E + 08 5.42E + 08 1.7

45 1.46E + 09 4.84E + 08 3.0

60 2.30E + 09 4.32E + 08 5.3

75 1.39E + 09 2.02E + 08 6.9

90 3.24E + 08 5.63E + 07 5.8

105 1.26E + 09 1.87E + 08 6.7

120 2.16E + 09 4.13E + 08 5.3

135 1.44E + 09 4.75E + 08 3.1

150 8.67E + 08 5.43E + 08 1.6

165 6.80E + 08 6.02E + 08 1.2

180 6.38E + 08 6.21E + 08 1.1

2.5 Crash Load

Collision simulation and quasi-static equivalence in the workbench LS-DYNA module.
A container ship with a displacement of 5000 T was selected for this artificial accident
load. Lateral collision stresses were calculated to simulate the most dangerous external
accident. The impact site is the middle port side of the transom hold.

The dynamic forces of the collision need to be converted into equivalent static forces
so as to superimpose with other physical field stresses, there are relevant international
codes to simplify the calculation of ship collision forces, among which the European
code and the American code are more commonly used and accurate. 1999 European
code gives the ship collision force calculation formula to consider the ship navigation
waters. The formula given in the 1999 Eurocode takes into account the impact of the
ship’s speed and tonnage on the collision force and is more applicable to this case.

The simplified Eurocode formula for ship collision force is shown below.

P= v
√
Km (7)

where P is the collision force (N), v is the ship impact velocity, K is the ship equivalent
stiffness, for sea area ships can be taken as 15 × 106 N/m, m is the collision ship mass
(kg).

Through the formula calculation, 2m/s impact of 5000 tons ship equivalent collision
static force is 1.73x107N.
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2.6 Stress Analysis Methods

Based on the ASME Code, we use the Analytical method to carry out stress intensity
checks. We classify the stresses at each check point along the thickness direction to
obtain the corresponding membrane stress, bending stress and peak stress.

The membrane stress is the average of the target stresses integrated in the thickness
direction and the bending stress is the total stress at the point of integration in the
thickness direction minus the membrane stress, i.e. the sum of the membrane stress
and bending stress is the stress on the surface of the shell unit. According to the stress
intensity calculation method specified in the ASME Code, the stress intensity value of
the target node is the Tresca stress value.

For a node connected to different units, themagnitude of the stress value extrapolated
to the node by each unit is not necessarily the same. The FEA software usually uses the
arithmetic mean of the above extrapolated stress values as the equivalent of the stress
value at the node. However, in the case of a discontinuous structure or a local structure
with a non-uniform distribution of stress levels, the stress values extrapolated to the node
vary considerably and the use of arithmetic averaging to estimate the stress level at the
node is not desirable. Therefore, when calibrating the strength of the containment, the
extrapolated stress value of the unit in the region with the higher stress level should be
used as the stress value at the node.

3 Results

3.1 Stress Evaluation

Different levels of service have different stress limits in the elastic analysis, for the design
condition and the limits specified for the operational condition, as shown in the table
below (Table 4).

Table 4. Limits and stress limits for different operating conditions during elastic analysis of
pressure vessels

Restrictions Pm(MPa) PL(MPa) Pm + Pb(MPa)

Design constraints ≤Sm ≤1.5Sm ≤1.5Sm

A – – –

B ≤1.1Sm ≤1.65Sm ≤1.65Sm

C ≤Min(Sy, 2/3Sn) ≤Min(1.5Sy, Sn) ≤Min(1.5Sy, Sn)

D ≤0.7Sn ≤Sn ≤Sn

where Sy, Sm, Sn are the yield strength, design strength and tensile strength
respectively.
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3.2 Individual Load Conditions

The stress response of the whole vessel under the above loads acting separately and
independently was calculated in ANSYS and the maximum stresses in the pressure
vessel structure under each load were extracted. The results are shown in the Table 5
and Fig. 4.

Table 5. Stress strength assessment and calibration for each individual load condition

Load PL Max
(MPa)

Stress limits
(MPa)

PL + Pb Max
(MPa)

Stress limits
(MPa)

Design wave 96.2 390 99.53 585

0.8MPa 244.16 409.5 246.65 585

0.6MPa 170.95 409.5 171.64 585

0.1MPa 28.78 202.3 33.5 303.4

Hydro pressure 143.44 183.9 177.72 275.9

Collision 21.02 390 247.8 585

Thermal stress 415.45 409.5 441.7 585

After analysis, the film and bending stresses of all load components except thermal
stresses meet the stress limits.

Fig. 4. Individual load stress analysis

Only one node exceeds the stress limit under thermal stress, the maximum stress
occurs at the bottom support of the containment shell, the film stress at the node at the
maximum stress location is 415.45MPa, the maximum film stress plus bending stress is
441.70MPa, themaximumstress occurs locally. Theother locations of the bottomsupport
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are all less than 400MPa, the maximum stress at the containment shell is 85.63MPa and
the maximum stress at the pressure suppression pool is 274.15MPa, both of which meet
the stress limits.

3.3 Combined Load Conditions

The stress field results are calculated individually and obtained as rst results files, after
which the stress field results are superimposed according to the combinationof conditions
to obtain the superimposed stress field and then analyze the structural stress distribution.
The superimposed stress field for the whole ship and the containment stress field (Fig. 5).

Fig. 5. Combined load conditions stress analysis

4 Discussion

Comparing the structural response of the hull under each condition individually, it can
be seen that hydrostatic pressure, temperature load and internal pressure have a greater
influence on the stresses of the whole ship and the containment structure.

Comparing the elastic stress composition of each condition, the stresses caused by
internal pressure are primary stresses; the temperature load, design wave and other
conditions belong to the stresses generated by the containment structure to meet the
displacement restraint conditions or the continuous requirements of its own deformation
after being subjected to displacement loads, which are secondary stresses. The internal
pressure, hydrostatic pressure, thermal stress and design wave conditions are mainly
composed of film stress, and bending stress is small; while the bending stress accounts
for a large proportion of the stress in the collision condition.

For the composition of the combined working condition stress: for the maximum
stress point at the bottom support, mainly the high temperature thermal stress and hydro-
static pressure have a large force on it. For the internal structure of the containment,
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especially the relatively high stress parts of the ground floor platform and the outer shell,
are mainly affected by internal pressure and thermal stresses.

Fig. 6. Pressure vessel mises stress clouds for operating conditions A, B, C and D

The stresses on the containment structure are calculated to be lower in conditions A
and B and higher in conditions C and D under extreme loads. The stress distribution of
the pressure vessel mises under working conditions A, B, C andD is shown in Fig. 6. The
maximum stresses occurred at the bottom support and the inner base plate weld, while
the maximum film stress in accident condition D was 538 MPa, reaching 92% of the
stress limit, and the sum of the maximum film stress and bending stress was 584.9 MPa,
reaching 99.6% of the limit. These are local stress and the overall maximum film stress
in the bottom support is approximately 254MPa, which is below the ASME Nuclear
Code and Standard Stress Strength Assessment Value, and below the Offshore Mobile
Platform Entry Code Allowable Strength and Material Yield Value. This indicates that
the design of the structure satisfies the containment and floating nuclear power plant
limits for self-sustainability.
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Abstract. In floating nuclear power plant (FNPP), important equipment such as
nuclear pressure vessel, pressure pipeline and pressurizer are installed in the con-
tainment, which is the last safety barrier of the reactor primary circuit of FNPP. The
ultimate bearing capacity of containment is one of the important safety indexes
of FNPP. In this study, considering the wave load, internal pressure load and their
corresponding combination conditions in the sea area of FNPP, the overall finite
element model of FNPP and the local finite element model of containment are
established by using ANSYS software. The ultimate bearing capacity of contain-
ment structure is analyzed by nonlinear method. The ultimate internal pressure
that the containment can bear is analyzed based on the wave load. Two methods
are used to analyze the ultimate internal pressure that the containment can with-
stand. One is direct analysis method to directly carry out nonlinear analysis of the
whole ship model. The other, called indirect analysis method, first makes a linear
analysis of the whole ship model to calculate the input load transmitted from the
marine environment to the containment through the containment support, and then
uses the nonlinear method to analyze the ultimate internal pressure that the con-
tainment can withstand. The analysis results of the above two methods show that
the ultimate bearing capacity of the containment is basically consistent, while the
efficiency of the indirect analysis method is higher. In addition, the ultimate bear-
ing capacity of the containment is far beyond the design requirements considering
the wave load.

Keywords: floating nuclear power plant · containment · ultimate bearing
capacity · direct analysis method · indirect analysis method

1 Introduction

At present, the research on the ultimate strength of offshore platform structures has
become a hot topic in the field of international offshore engineering. For the structural
design of offshore platforms, the limit state based design method has been introduced
[1]. Through the calculation of the ultimate strength of the platform, the dangerous
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component parts can be predicted, and the local strengthening of the components can
timely control the degree of damage and reduce the potential crisis. Up to now, scholars
have put forward different research methods for the ultimate strength of ship structures,
and several of them have beenwidely recognized and gradually improved. At present, the
ultimate strength analysis methods of hull structures mainly include: direct calculation
method, nonlinear finite element method, progressive collapse method, ideal structural
element method and model test method.

The direct calculation method is also called Caldwell method. In 1965, Caldwell [2]
first proposed the plastic behavior of the total longitudinal strength of surface ships, and
derived the analytical formula of the total longitudinal ultimate strength. In view of the
limitations of Caldwell method, Smith [3] proposed a relatively simple method based
on Caldwell method, taking into account the reduction of strength after the member
reaches the ultimate strength, and thus the progressive collapse method is also called
Smith method. Another simple method for progressive failure analysis of hull beams is
the ideal structural element method (ISUM) proposed by Japanese scholar Ueda et al.
[4] in the 1980s. With the general improvement of computer hardware level, the finite
elementmethod (FEM) has been appliedmore often to engineering problems. Compared
with the above analysis methods, the physical test can more directly reflect the collapse
process of the ship structure and measure the ultimate strength of the structure. Dow
[5] established a hull beam model of a frigate at a scale of 1/3 and conducted ultimate
strength tests. Nishihara [6] conducted a series of collapse tests under pure bending
load on a box beam model similar to the corresponding ship structure. The phenomena
and results observed in the experiment also have high reference value for theoretical
calculation and numerical simulation.

2 Nonlinear Analysis Method

Chen [7] et al. proposed a finite element method for hull ultimate bearing analysis,
which is applicable to any loading type and structural model. This method introduces
three element types: beam element, plate element and orthotropic plate element, which
can analyze the limit state of the structure under static or dynamic loads, and It can
also analyze the overall response of a single member (deck, side, bulkhead, longitudinal
girder, etc.) and consider the response of the hull under the combined action of bending
moment, torque and shear force. Kutt [8] et al. used nonlinear analysis method to analyze
the longitudinal ultimate strength of four hulls, reflecting the interaction between various
local and overall failure modes and the interaction between the elastic−plastic, buckling
and post buckling effects of materials.

With the development of calculation technology and nonlinear finite element, many
large general finite element programs, such as NASTRAN, ANSYS, ABAQUS, Marc,
have been applied to the ultimate strength calculation of ship structures. Based on the
nonlinear finite elementmethod, this chapter will use the finite element softwareANSYS
to study the solution method.
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2.1 Arc length method

The arc length method is a static analysis method based on the Newton Raphson iterative
solution of the nonlinear static equilibrium equation of the structure [9]. Its basic idea
is to set a parameter (arc length l) to control the incremental iteration and convergence
of the equilibrium equation.

{P} − {I} = 0 (1)

[KT ]{�u} = {�P} − {R} (2)

where [KT ] is tangent stiffness matrix, {�u} is the displacement increment, {�P} is load
increment, {R} is residual force.

When using the arc length method, let the i − 1 load step converge to (xi−1,Pi−1) ,
for the i load step, j iterations are required to reach the new convergence point (xi,Pi).
Step i iterates the true load size {�P} acting on the structure, which is determined by
the load increment factor �λi and the input external load {Pref },

{�P}i = �λi{Pref } (3)

By introducing Eq. (3) into Eq. (2), the incremental form of iteration i of arc length
method can be obtained:

[KT ]{�u}i = �λi{Pref } − {R}i (4)

The position of the equilibrium point in step i is obtained by Newton Raphson
iteration with the equilibrium point calculated in step i−1 as the center of the circle and
the arc length increment �i as the radius, as shown in Fig. 1. The arc length increment
�li, load increment factor �λi and displacement increment {�u}i of each step satisfy
the governing equation of Eq. (5).

�l2i = |{�u}i|2 + ∣
∣�λi

{

P ref
}∣
∣
2 (5)

Fig. 1. Load displacement curve
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Through iteration, until the residual force is within the tolerance {R}, when the
iteration of step i is completed, there are:

Load array {P}i =
∑

i
{�P}i =

∑

i
�λi{Pref } (6)

Displacement array {u}i =
∑

i
{�u}i (7)

arc length li =
∑

i
�li (8)

The arc length increment�l contains the information of load increment and displace-
ment increment at the same time. As long as the appropriate iteration step is selected,
the arc length method can track the load displacement equilibrium path of the structure
in the process of loading and unloading, and effectively solve the ‘step’ problem in the
limit equilibrium path.

2.2 Quasi Static Method

In essence, the quasi−static analysis method is a dynamic solution process of structure.
The basic idea of the quasi−static method is to simulate the static problems with the
dynamic analysis of slow loading, which is based on the explicit solution of the structural
nonlinear motion equation (central difference method).

The central difference method is used to perform explicit time integration for the
structural nonlinear motion Eq. (9). The dynamic conditions of the next incremental step
are calculated from the dynamic conditions of the previous incremental step until the
end of the solution time.

[M ]{ü} = {P} − {I} (9)

where {P} − {I} is the mass matrix, {ü} is the acceleration array, {P} is the load array,
and {I} is the internal force array.

The key to the solution of quasi−static method is to set a reasonable loading rate. Too
fast loading rate leads to severe local deformation of the solution results, which makes
the calculation results deviate from the requirements of “quasi−static”, and the load
displacement curve oscillates. However, too slow loading rate increases the calculation
time greatly, which means a long loading time. Therefore, we usually take several dif-
ferent loading rates for comparison and analysis, and then select the appropriate loading
rate when analyzing.

By studying the various energies in themodel,we can evaluatewhether the simulation
produces the correct quasi−static response.

EKE + EFD + EI + EV − EW = Etotal (10)

where EKE is the structural kinetic energy, EFD is the energy dissipated and absorbed by
friction, EI is the internal energy, including plastic and elastic strain energy, EV is the
energy dissipated and absorbed by viscosity, EW is the work done by external forces,
and Etotal is the total energy in the system, which is a constant.
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If the finite element simulation is quasi−static, the internal energy of the system is
almost equal to the work done by the external force. Generally, the viscous dissipation
energy is very small, unless material damping, viscoelastic materials or discrete shock
absorbers are used.Therefore,we candetermine that the inertia force is ignored according
to the small flow velocity of the material in the model in the quasi−static process. It
can be inferred from these two conditions that the kinetic energy is also very small. In
most processes, the ratio of kinetic energy to strain energy of the structural model is an
important criterion to judge whether the loading rate is appropriate. As a general rule,
the general quasi−static requirement is that the ratio of kinetic energy to strain energy
is less than 5%.

The applied loads are required to be as smooth as possible for accurate and efficient
quasi−static problems. Stress waves arise from sudden, rapid movements that will cause
oscillations or inaccurate results. The loadingmethod shall be as smooth as possible, and
the acceleration between two incremental steps shall only change by a small amount. If
the acceleration is smooth, the varying velocity and displacement are smooth.

Since the central difference method is a conditionally stable algorithm, the time step
�t must be less than the stability limit �tstable to ensure the stability of the solution:

�tstable = 2/ωmax ≥ �te (11)

where ωmax is the highest natural frequency of the structure, �te is the stable time
step of the element with the smallest size in the structural model, �te is related to the
characteristic scale Le, elastic modulus E and material density of the element ρ Is the
upper bound of the stability limit �tstable:

�te = Le/
√

E/P (12)

In the calculation, since the highest order frequency ωmax of the structure is not easy
to obtain, the time step �t is taken as �te.

Compared with the arc length method, the quasi−static method has no convergence
problem because the central difference method is used for explicit integration, and can
solve more complex structural collapse problems such as material failure and structural
self−contact. Because the time step �t is often small, the quasi−static loading is slow
and the solution time is very long when solving the limit state problem, which can be
adjusted by means of mass amplification.

3 Calculation of Ultimate Bearing Capacity Under Different
Working Conditions

According to the classification of marine environmental conditions and the guide for
buckling strength assessment of offshore engineering structures, the load distribution
characteristics of the hull under different marine conditions are calculated respectively.
The finite element model of the floating nuclear power plant is established based on
ANSYS software, and then the load borne by the hull is applied to the finite element
analysis model of the floating nuclear power plant to calculate and analyze the stress and
displacement response of the overall structure of the floating nuclear power plant and
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the steel containment, and carry out the calculation of the ultimate bearing capacity of
the containment of the floating nuclear power plant under different working conditions.

The finite element model of the hull structure is constructed with shell181 and
beam188 elements. The mesh size of the bottom and supporting parts of the containment
is 0.1 M, the mesh size of the upper part of the containment is 0.2 m, and the mesh size
of the rest is 0.8 m. The total number of elements on the whole ship is about 1.56 million
(Figs. 2 and 3).

Fig. 2. Overall finite element model of ship structure

Fig. 3. Finite element model of containment
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3.1 Calculation and Analysis of Ultimate Bearing Capacity Under Internal
Pressure Condition of Containment

The internal pressure load is loaded inside the containment by uniformly distributing the
load in the element, and the fixed support constraint is added at the bottom node of the
compartment where the containment is located. Considering the influence of material
hardening on the ultimate strength of the structure, the material constitutive relationship
is set as shown in the figure below (Fig. 4).

Fig. 4. Constitutive relation of material model

Sort out the calculation results, and select the top with the largest deformation and
change rate as the analysis point. The load displacement curve is shown in the figure
below (Fig. 5).

Fig. 5. Load displacement relationship of steel containment top node

The analysis shows that when the internal pressure load is below 2MPa, the slope of
the curve does not change, showing a linear growth trend, indicating that the structure
is still in the elastic deformation order, and the equivalent plastic strain is 0; When the
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internal pressure load increases from 2MPa, the curvature in the load displacement curve
begins to change, indicating that the structure begins to enter the plastic deformation
stage.

(1) Double limit method
The double elastic slope method is used to determine the limit load in ASME

VIII−2. In this method, the origin of load displacement curve is taken as the starting
point to draw the straight line of elastic slope in the elastic stage, and then another
straight line is drawn to meet the elastic slope whose slope is equal to twice. The
load value projected on the vertical coordinate by the intersection of the straight
line and the load displacement curve is the limit load value [10] (Fig. 6).

Fig. 6. Load displacement relation of double limit method

It can be seen from the figure that the limit load value determined by this model
based on the more accurate load displacement curve after reducing the load increment
step and using the double elastic slope method is about 3.442 MPa. This method is an
artificial regulation and is greatly affected by human factors. The determined limit load
value may have great dispersion and error.

(2) Double tangent intersection method
The double tangent intersection method is the method for determining the limit

load in the European standard EN 13445. Based on the load displacement curve, the
tangent lines of elastic stage and plastic stage are drawn respectively. The tangent of
the plastic section adopts the first−order fitting function obtained from the plastic
section data processed by the least square method, and the load value projected on
the longitudinal coordinate by the intersection of the two tangents is the limit load
value [11] (Fig. 7).

It can be seen from the figure that the limit load value determined by the model based
on the load displacement curve and the double tangent intersection method is about
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Fig. 7. Load displacement relationship of double tangent intersection method

2.755 MPa, which is completely determined by the curve itself, and is less affected by
human factors than the double elastic slope method.

3.2 Calculation and Analysis of Ultimate Bearing Capacity of Containment
Vessel Under Combined Wave Load and Internal Pressure

Taking the 100 year return period sea conditions, set the wave height as 9 m, calculate
the loading of the finite element model of the whole ship of the floating nuclear power
plant, and analyze the waves in 13 directions. Set a wave direction every 15° from 0° to
180°. The schematic diagram of wave incidence angle is shown in the following figure
(Fig. 8):

Fig. 8. Schematic diagram of wave incidence angle

In order to improve the calculation efficiency, the displacement structure response
in the overall finite element model under wave load is calculated, and then the node
displacement of the containment support in the overall model is extracted and loaded at
the corresponding node of the containment finite elementmodel as a boundary condition.
Take the nodeswith the stress value greater than 50MPa in the containment, and compare
the stress value of the containment nodes in the finite element model of the whole ship
with the corresponding node stress value on the separate containment model. Some
results are shown in the table below (Table 1).
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Table 1. Comparison of node stress (zero degree wave load as an example)

NODE Full ship model Containment model

S1(Pa) deformation and acceleration deformation acceleration

12200162 5.50E+07 3.24E+07 3.35E+07 4.22E+04

12200163 5.52E+07 2.76E+07 2.86E+07 5.25E+04

12200783 5.01E+07 2.69E+07 2.76E+07 −3.67E+04

12200822 5.45E+07 2.64E+07 2.72E+07 5.30E+04

12200823 5.52E+07 3.18E+07 3.28E+07 4.30E+04

12201023 6.81E+07 3.87E+07 4.03E+07 −5.00E+04

12201214 5.52E+07 3.20E+07 3.30E+07 −4.04E+04

12201215 5.56E+07 2.67E+07 2.75E+07 −4.80E+04

12202276 6.24E+07 3.65E+07 3.76E+07 4.21E+04

12202277 6.19E+07 3.05E+07 3.14E+07 5.21E+04

12202354 5.37E+07 2.75E+07 2.83E+07 5.24E+04

12202355 5.75E+07 3.29E+07 3.37E+07 4.51E+04

12202382 6.10E+07 3.50E+07 3.68E+07 −4.15E+04

12202768 5.67E+07 3.29E+07 3.46E+07 56786

12202798 5.31E+07 2.72E+07 2.79E+07 −52338

12202799 5.65E+07 3.19E+07 3.27E+07 −38352

12203178 5.43E+07 2.92E+07 3.01E+07 −39267

12203179 5.43E+07 3.03E+07 3.12E+07 −46813

12204241 6.28E+07 3.63E+07 3.74E+07 41805

12204242 6.28E+07 3.10E+07 3.19E+07 51568

12204764 5.35E+07 2.69E+07 2.75E+07 −49527

12204765 5.53E+07 3.06E+07 3.14E+07 −35320

12204954 6.82E+07 3.89E+07 4.05E+07 −49907

12205145 5.51E+07 3.20E+07 3.30E+07 −40471

12205146 5.54E+07 2.67E+07 2.75E+07 −47568

12206147 5.70E+07 3.09E+07 3.18E+07 45327

12206174 5.57E+07 3.29E+07 3.46E+07 −39438

12206543 6.30E+07 3.52E+07 3.67E+07 55582

12206573 5.78E+07 2.90E+07 2.96E+07 −50465

12206574 6.15E+07 3.39E+07 3.46E+07 −38538

(continued)
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Table 1. (continued)

NODE Stress ratio (containment node stress value/whole ship node stress
value)

deformation and acceleration deformation acceleration

12200162 58.98% 60.99% 0.08%

12200163 50.02% 51.80% 0.10%

12200783 53.54% 55.00% 0.07%

12200822 48.50% 49.89% 0.10%

12200823 57.69% 59.37% 0.08%

12201023 56.93% 59.25% 0.07%

12201214 57.97% 59.77% 0.07%

12201215 48.10% 49.47% 0.09%

12202276 58.49% 60.21% 0.07%

12202277 49.23% 50.74% 0.08%

12202354 51.26% 52.67% 0.10%

12202355 57.09% 58.63% 0.08%

12202382 57.40% 60.28% 0.07%

12202768 58.00% 60.94% 0.10%

12202798 51.23% 52.56% 0.10%

12202799 56.37% 57.84% 0.07%

12203178 53.72% 55.38% 0.07%

12203179 55.83% 57.41% 0.09%

12204241 57.88% 59.53% 0.07%

12204242 49.37% 50.84% 0.08%

12204764 50.21% 51.41% 0.09%

12204765 55.37% 56.76% 0.06%

12204954 57.07% 59.38% 0.07%

12205145 58.11% 59.91% 0.07%

12205146 48.26% 49.65% 0.09%

12206147 54.21% 55.83% 0.08%

12206174 58.99% 62.17% 0.07%

12206543 55.80% 58.22% 0.09%

12206573 50.10% 51.16% 0.09%

12206574 55.13% 56.33% 0.06%
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It is known from the data that the acceleration has little effect on the node stress, and
the node stress on the containmentmainly comes from the deformation of the structure. In
order to simulate the structural response under the wave load in the separate containment
model, compare the stress values of the corresponding nodes in the whole ship model
and the separate containment model, and load twice the displacement structural response
of the containment support node to the corresponding node of the separate containment,
As the initial displacement boundary condition, the ultimate bearing capacity of wave
load under the combined action of internal pressure is analyzed. The internal pressure
loading method is the same as above.

The double limit method is used to analyze the ultimate bearing capacity of the
structure as follows (Fig. 9).

Fig. 9. Load displacement relation of double limit method

It can be seen from the figure that the limit load value determined by the model based
on the more accurate load displacement curve after reducing the load increment step and
using the double elastic slope method is about 3.45 MPa.

The ultimate bearing capacity of the structure is analyzed by the double tangent
intersection method as follows (Fig. 10).

It can be seen from the figure that the limit load value determined by the model
based on the load displacement curve and the double tangent intersection method is
about 2.56 MPa.

According to the constitutive characteristics of the material, when the stress of the
material exceeds the tensile strength of 585 mpa, it is considered that the strength failure
of the material occurs there. According to the finite element analysis, when the internal
pressure of the structure is 3.1 Mpa, the maximum value of the maximum stress point
is 584 mpa. Therefore, it is considered that the structure has strength failure at 3.1 Mpa
(the stress nephogram is shown in the figure below) (Fig. 11).
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Fig. 10. Load displacement relationship of double tangent intersection method

Fig. 11. Stress nephogram of steel containment in case of strength failure

4 Conclusions

Based on an engineering example model, this paper studies the analysis method of the
ultimate bearing capacity of the containment of a floating nuclear power plant, and draws
the following conclusions.

1. Based on the finite element analysis software, the stress−strain nephogram and load
displacement curve are accurately calculated, and the limit load can be judged and
determined by the double elastic slope method and the double tangent intersection
method. In terms of the accuracy of determining the limit load value, the double
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tangent intersection method is within an acceptable range due to the difficult deter-
mination of the tangent in the plastic stage, and the double elastic slope method is
susceptible to human factors, so the accuracy is conservative.

2. Considering the wave load, compared with the finite element nonlinear analysis of
the whole ship model, the method of extracting the load at the containment support
in the overall model for linear calculation and loading it on the corresponding node
of the local model of the containment is adopted to ensure the accurate load loading,
shorten the calculation time and improve the calculation efficiency.

3. In the method of indirect loading, the impact of wave load on the containment
of floating nuclear power plant is divided into two parts: the impact of structural
deformation and the impact of structural acceleration. Compared with the impact
of structural deformation on the ultimate bearing capacity of the containment, the
impact of structural acceleration is relatively small and can be ignored.
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Abstract. As the development of computer science technology and the require-
ment of thorough research, more researchers are setting their eyes on coupling
method because of the tight coupling in NPP (nuclear power plant) system. How-
ever there were few researches studying the difference between decoupling and
coupling methods and the importance of coupling method. This research respec-
tively establishes the primary and secondary loop decoupling models and the two
loops coupling model based on the small NPP by APROS. Then the differences
between the decoupling and coupling models is studied under the steady state
and dynamic state which contains the ramp load variation and load shedding. The
results show that there are small differences between these models in the main
parameter values under the steady state. But the differences between decoupling
models and couplingmodel are large. Therefore theNPP system needs bemodeled
by coupling method as to study its dynamic characteristic.

Keywords: Small NPP · Decoupling simulation · Coupling simulation ·
APROS · Ramp load variation · Load shedding

Nomenclatures

A heat transfer area, m2

C(t) delayed neutron precursor concentration for each period
cp specific heat capacity, kJ/(kg °C)
G mass flow, kg/s
h specific enthalpy, kJ/kg
K heat transfer coefficient, W/(m2 °C)
M mass, kg
n(t) neutron number for each period
T temperature, °C
t time, s
V volume, m3

β delayed neutron fraction
λ disintegration constant, s
ρ(t) reactivity for each period, �k/k
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ρ density, kg/m3

Λ neutron generation time, s
Subscript

a average
c coolant
fw feed water
i ith delayed neutron group
m metal material
s saturation
st steam
w water

1 Introduction

Simulation technique has been the main method used to study the reactor engineering
field since the late 1960s because of the objective factors limitation such as measurement
andmanufacture level, the danger of test involving accident conditions, and the high price
of the test. Then when there are more NPP systems with higher capacity and parameter
value designing and application, researchers and engineers pay more attention to the
simulation technique aftthe er accidents at Three-Mile Island and Chernobyl. But most
of the research was decoupling simulation because the NPP system contains many sub-
systems which make the modeling difficult and there were few simulation softwares that
amid at both the primary loop and secondary loop. For instance, Guo Liang [1], etc. used
the C++ Builder to study the dynamic characteristic of the Daya Bay NPP’s secondary
loop system. Huo Binbin [2] etc. used Matlab/Simulink software to model the reactor
coolant system of Daya Bay NPP under the positive signal disturbance.

And with the rapid development of computer techniques and the requirement of
thorough research in the system characteristic, more and more researchers want to study
the NPP system by coupling simulation model because of the tight coupling in the
NPP system and think it’s necessary to study the system by coupling model which is
more complex and time-consuming than decoupling model. For example, LIN Meng
[3] etc. expanded RELAP5 by C++ language to achieve the real-time simulation of a
nuclear power plant. Xiao Kai [4] etc. coupled RELAP5, 3KEYMASTER and Mat-
lab/Simulink to establish multi-reactors and multi-turbines nuclear power systems and
simulated the dynamic condition. Nianci Lu [5] etc. studied the nuclear power system
dynamic response under reactor trip by the Gsuite simulation platform. Pack J [6] etc.
proposed a coupling model between RELAP5 and LABVIEW to model and simulate
the whole nuclear power system.

However although Pack J compared the coupling model with the RELAP5 decou-
pling model under the LOCA event which showed that the coupling model agreed well
with the RELAP5 decouplingmodel, the paper didn’t talk about the necessity and impor-
tance of the coupling method. Besides in that paper, the second model in LABVIEW
was simplified where the steam generator was calculated by the thermal equilibrium
equation and there was no control system, so the comparison between decoupling and
coupling models had limitations.
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Therefore this research respectively established decoupling system models and cou-
pling systemmodels based on a small NPP. Then on basis of it, steady state and transient
state are simulated to compare the couplingmethod and decouplingmethod, which direct
the difference between the two methods and under what circumstances the decoupling
method could be used.

2 Model

This small NPP system is configured with one reactor, double circuits, and double
turbine generators. And the primary loop system contains a reactor coolant system and
pressure safety relief system. The secondary loop system contains the main steams
system, exhausted steams system, two turbine generator units, condensate extraction
system and feed water system, and so on. According to the system configuration and
flow, this paper establishes respectively the primary and secondary loop decoupling
models and the whole system coupling model based on the APROS simulation software.

2.1 Primary Loop Decoupling Model

It supposes that the secondary side of the steam generators is a boundary condition in this
decoupling model. So the user should give the steam mass flow value when the dynamic
process is simulated. And the feed water temperature is constant during the simulation.

In this case, the steam mass flow is controlled by the control valve which is on the
main steam pipe as Fig. 1 showed. And the control schematic diagram is shown in Fig. 2.
Then the feed water mass flow is mainly controlled by the flow deviance between the

Fig. 1. The Schematic Diagram of the Primary Loop Decoupling Model
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steam and feed water, whose control schematic diagram is shown in Fig. 3. It is also
controlled by the control system of the steam generator water level, which consists of
the feed water control valve control module and the feed water pump control module.
And Fig. 4 is the water level control system’s schematic diagram. Besides, there is the
reactor power control system as Fig. 5 shows.

Fig. 2. The Control Schematic Diagram of the Steam Mass Flow

Fig. 3. The Control Schematic Diagram of the Feed Water Mass Flow

a. The Control Schematic Diagram of the Feed Water Control 
Valve

b. The Control Schematic Diagram of the Feed Water Pump 
Speed

Fig. 4. The Control Schematic Diagram of the Steam Generator Water Level
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Fig. 5. The Control Schematic Diagram of the Reactor Power

2.2 Secondary Loop Decoupling Model

Although the secondary loop decoupling model usually doesn’t consist of the steam
generator, in this paper the steamgenerator is contained in the secondary loop decoupling
model because the steam generator is a vital link connecting the primary and secondary
loop and contrast to the primary loop decoupling model, the primary side of the steam
generator is a boundary condition. Figure 6 is this decoupling system schematic diagram.
If the dynamic process is simulated, the coolant enthalpy of the primary side inlet needs
to be given. And the primary inlet and outlet pressure are constant during the simulation.

Fig. 6. The Schematic Diagram of the Secondary Loop Decoupling Model

Fig. 7. The Control Schematic Diagram of the Reactor Power
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Fig. 8. The Control Schematic Diagram of the Turbine Power

The steamgenerators’ primary side coolant inlet enthalpy is calculated and controlled
by the reactor power control module which is shown in Fig. 7. And the feed water mass
flow is mainly controlled by the control system of the steam generator water level in
this secondary loop decoupling model, whose schematic diagram is the same in Fig. 4
Besides, the turbine generator power control system is established as Fig. 8 shows. So
the steam mass flow is dependent on the turbine valve opening.

2.3 Primary and Secondary Loop Coupling Model

Fig. 9. The Schematic Diagram of the Two Loops Coupling Model

According to the decouplingmodels, thewhole system couplingmodel is established
which is no boundary condition. During the dynamic simulation, the steam mass flow is
dependent on the turbine power target whose control schematic diagram is the same as
Fig. 8. And the steam generator’s primary side inlet temperature is dependent on the heat
transfer process in the steam generator and the reactor power which is influenced by the
nuclear physical temperature effect and the control rods that are controlled by the reactor
power control system under the reactor following the generator mode. The reactor power
control system is shown in Fig. 5. And the feed water mass flow is controlled by the
steam generator water level control system as Fig. 4 shows (Fig. 9).
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3 Simulation Analyses

3.1 Model Verification

The system’s nominal design values are used to verify the coupling simulation model’s
accuracy. And the comparison results are in Table 1. And all the values are normalized
by the nominal design values.

Table 1. Comparison of Nominal Steady Simulation Results

Parameter Design Value Simulation Value Relative Error

Reactor Power 1.00000 0.99827 −0.173%

Coolant Mass Flow 1.00000 1.00001 0.001%

Coolant Average Temperature 1.00000 1.00002 0.002%

Pressurizer Pressure 1.00000 0.99493 −0.507%

Feed Water Temperature 1.00000 1.00135 −0.014%

Feed Water Mass Flow 1.00000 0.99986 −0.934%

Steam Mass Flow 1.00000 0.99066 0.065%

Steam Pressure 1.00000 1.00065 −0.013%

Steam Generator Water Lever 1.00000 0.99987 −0.121%

Turbine Power 1.00000 0.99879 0.038%

Condenser Pressure 1.00000 0.99968 −0.042%

The steady state simulation accuracy requirement is selected as 5%. And it shows
that the simulation results’ absolute relative errors are less than 5%, which meets the
precision requirement. Therefore this model is available.

3.2 Steady Simulation Comparison

The full power condition and 20% of full power condition are simulated in order toe
difference in steady condition analysis between these models. The main parameters’
steady simulation results of these models and their relative errors based on the nominal
design values are listed in Table 2. And all the values are normalized by nominal design
values.

According to Table 2a, there are apparent differences between these models in the
reactor power, feed water mass flow, steammass flow, and steam pressure under the 20%
FP steady condition. And Table 2b shows that the differences between these models in
all parameters are small under the nominal steady condition.

There are some reasons accounting for the difference between these models. Firstly,
the secondary loop decoupling model doesn’t consider the heat caused by the coolant
pumps and the heat capacity of the pipes’ wall in the reactor coolant system. Secondly,
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the primary system decouplingmodel doesn’t consider the heat caused by the condensate
pumps and the feed water pumps.

However, the relative errors of these models in all parameter values listed in Table 2
are all less than 5%, which meets the simulation precision requirement. And it shows
that the decoupling method can be used to study the steady characteristic of the small
NPP, which is more convenient and simple than the coupling method.

3.3 Dynamic Simulation Comparison

To study the difference in dynamic analysis between the decoupling method and the
coupling method, the ramp load variable condition and the load shedding condition are
simulated in differentmodels.And themain systemparameters, for instant reactor power,
steam mass flow, steam pressure, and so on, are monitored and recorded. Figure 10 is
the system dynamic response in these models under the load ascension and Fig. 11 is
the system dynamic response in these models under the load reduction. Besides, Fig. 12
is the system dynamic response in these models under the load shedding to 15%FP. All
the values are normalized by the nominal design values.

According to Fig. 10 and Fig. 11, it is obvious that there are differences between the
coupling systemanddecoupling systemunder ramp load variation.But Fig. 11 shows that
the differences in steam mass flow and coolant average temperature dynamic response
curves are small. Besides it can be found through these figures that the dynamic response
of the primary loop decoupling model isn’t similar to the secondary loop decoupling
model.

And the difference between these models is more apparent under the load shedding
in the main parameters.

The reasons that the simulation results of these models aren’t similar under different
conditions are following:

(1). According to formulas (3-1) and (3-2) called the point reactor model [7], nuclear
power mainly depends on the reactivity and delayed neutron precursor concen-
tration which are related to time. So nuclear power is a non-linear parameter.
Besides, the most significant feature of the reactor is the temperature effect. But in
the secondary loop decoupling model, there is no reactor, and the reactor power is
calculated according to the steam mass flow and the coolant temperature operation
scheme, which neglects the temperature effect and the control rods that impact
the change rate of nuclear power because of the control dead band, its limited
moving speed, and its integrated worth. Therefore the differences between the sec-
ondary loop decouplingmodel and the couplingmodel are larger than primary loop
decoupling in reactor power and coolant average temperature.

dn(t)

dt
= ρ(t) − β

�
n(t) +

6∑

i=1

λiCi(t) (3-1)

dCi(t)
dt = βi

�
n(t) + λiCi(t) i = 1, 2, . . . 6 (3-2)
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Table 2. Steady Simulation Results Comparison

a. 20%FP Condition

Parameter Primary Loop
Decoupling

Secondary Loop
Decoupling

Two Loops Coupling

Reactor Power 0.198 0.208 0.205

Coolant Mass Flow 1.003 1.004 1.004

Coolant Average
Temperature

0.954 0.956 0.954

Pressurizer Pressure 0.999 0.997 1.002

Feed Water
Temperature

1.000 0.997 0.998

Feed Water Mass
Flow

0.198 0.206 0.207

Steam Mass Flow 0.200 0.208 0.205

Steam Pressure 1.290 1.302 1.284

Steam Generator
Water Lever

1.000 0.998 1.001

Turbine Power / 0.096 0.096

Condenser Pressure / 0.293 0.293

b. 100%FP Condition

Parameter Primary Loop
Decoupling

Secondary Loop
Decoupling

Two Loops Coupling

Reactor Power 0.997 1.000 0.998

Coolant Mass Flow 1.000 1.000 1.000

Coolant Average
Temperature

1.000 1.000 1.000

Pressurizer Pressure 0.997 0.997 0.998

Feed Water
Temperature

1.000 0.999 0.999

Feed Water Mass
Flow

0.990 0.991 1.000

Steam Mass Flow 1.000 1.001 0.998

Steam Pressure 1.000 1.000 0.999

Steam Generator
Water Lever

1.000 1.001 1.003

Turbine Power / 1.001 1.000

Condenser Pressure / 1.002 1.002
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b. Feed Water Mass Flow Dynamic Response Curve

c. Reactor Power Dynamic Response Curve

a. Steam Mass Flow Dynamic Response Curve

Fig. 10. System Dynamic Response under the Load Ascension



Decoupling and Coupling Simulation Analysis in Small Nuclear Power Plant 837

d. Steam Pressure Dynamic Response Curve

e. Steam Generator Water Level Dynamic Response Curve

f. Coolant Average Temperature Dynamic Response Curve

Fig. 10. (continued)
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a. Steam Mass Flow Dynamic Response Curve

b. Feed Water Mass Flow Dynamic Response Curve

c. Reactor Power Dynamic Response Curve

Fig. 11. System Dynamic Response under the Load Reduction
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d. Steam Pressure Dynamic Response Curve

e. Steam Generator Water Level Dynamic Response Curve

f. Coolant Average Temperature Dynamic Response Curve

Fig. 11. (continued)
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a. Steam Mass Flow Dynamic Response Curve

b. Feed Water Mass Flow Dynamic Response Curve

c. Reactor Power Dynamic Response Curve

Fig. 12. System Dynamic Response under the Load Shedding
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d. Steam Pressure Dynamic Response Curve

e. Steam Generator Water Level Dynamic Response Curve

f. Coolant Average Temperature Dynamic Response Curve

Fig. 12. (continued)
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(2). In the real NPP system, the steam mass flow mainly depends on the turbine power
under normal operating conditions. And there are other steam users, like gas ejec-
tors and steam-driven pumps. So the steam mass flow is also related to the other
users. However, in the primary loop decoupling model, the steam generator’s sec-
ondary side is regarded as a boundary condition, which means that there is only
one steam user. Thus, the steam mass flow is given by the researcher and it is an
ideal curve during the simulation. But in the secondary loop decoupling model or
couplingmodel, the steammass flow is influenced by the steamusers’ requirements
during the simulation and the value is the coupling calculated results.

(3). Steam generator is the most important pivot in the NPP system which connects the
primary loop and secondary loop. In the light of the steam generator’s dynamic
equations [8] which are deduced by lumped parameter technique as the formula
(3-3) and (3-4) show, at first the steammass flow changes under load variation con-
ditions with the reactor following the turbine operational mode, then heat transfer
required for the secondary side changes, which cause the steam saturation pres-
sure changed because the heat transfer coefficient and the coolant temperature are
nearly constant at that moment. Then the coolant average temperature changes.
Meanwhile, nuclear power starts to change thanks to the temperature effect and
the control rods’ moving that is controlled by the reactor power control system.
Thus the heat cooled by the coolant in the reactor changes, which changes the
average temperature and the heat transfer to the secondary side again. Therefore
the steam pressure’s dynamic characteristic is related to the nuclear power dynamic
curve.

Mccp,c
dTc,a(t)

dt
= Gccp,c

(
Tc,2(t) − Tc,1(t)

)−
K(t) · A · (Tc,a(t) − Ts(t)

) (3-3)

K(t) · A · (Tc,a(t) − Ts(t)
) + Gfwhfw − Gst, hs,st

= d
dt

[
ρs,wVwhs,w +Mmcp,mTs(t) + ρs,st(Vw + Vst)hs,st

] (3-4)

Besides it shows that the heat transfer will change if the feed water mass flow and
its enthalpy change in formula (4), which means that when the feed water mass flow or
feed water temperature dynamic curve is different, the steam saturation temperature will
be different whose trend of changes is consistent with the steam pressure.

(4). Feed water mass flow variation mode. The feed water is related to the feed water
pumps, the pressure drop of the feed water pipeline, and the steam pressure. The
feed water pump often is a variable speed pump, so the flow it could provide is
different under different speeds. Meanwhile, the speed is controlled by the steam
generator water level control system. But in the primary loop decoupling model,
the feedwater pumpsmodels don’t establish and the feedwatermass flow ismainly
controlled through the mass flow deviance. Besides, during operation, the numbers
of operating pumps relate to the secondary loop power and current feed water mass
flow.



Decoupling and Coupling Simulation Analysis in Small Nuclear Power Plant 843

To sum up, because many assumptions neglect the system coupling and the inter-
nal disturbances in the decoupling model, its results are more ideal. Besides the
nuclear power which is influenced by the moderator and fuel temperature is one of
the most important parameters in the nuclear system, so compared with the primary
loop decoupling model, the secondary decoupling model is less accurate.

4 Conclusions

The ramp load variation and load shedding simulation in two-power loop a small NPP
system is analyzed in this paper based on APROS software. And the main parame-
ter’s dynamic response curves are compared in different models, such as steam mass
flow, nuclear power, steam pressure, and so on. According to the simulation results, the
following results are obtained.

1) Difference between the coupling method and the decoupling method is small in
steady-state simulation, so the system’s steady characteristic feature could be studied
by the decoupling method.

2) Differently observed between the coupling method and decoupling method in
dynamic simulation. Therefore the coupling method should be used to study the
dynamic characteristic feature of the system.

3) Because the assumptions aren’t similar, the simulation results of the primary loop
decouplingmodel and secondary loop decouplingmodel are different. But compared
with the secondary loop decouplingmodel, the results of the primary loop decoupling
model are more close to the coupling model.

These conclusions are crucial and could significantly refer to the system simulation
analysis.
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Abstract. One key aspect in analysis of heat pipe microreactors is the efficient
modeling of heat pipes and its couplingwith the solid reactor core. Various options
exist formodeling of heat pipes.Mostmodels require an explicit coupling between
the vapor core, which brings in an additional layer of coupling when the heat pipe
model is integrated into a system-level safety analysis model. This additional layer
of coupling causes both convergence concern and computational burden in prac-
tice. This article aims at developing a new heat pipe modeling algorithm, where
the heat pipe wall, wick, and vapor core are discretized and coupled in a mono-
lithic fully-implicit manner. The vapor core will be modeled as a one-dimensional
compressible flow with the capability of predicting sonic limit inherently; a two-
dimensional axisymmetric heat conduction model will be used to model the heat
pipe wall and wick region. The heat pipe wick and vapor core are coupled through
a conjugate heat transfer interface. Eventually, the coupled system will be solved
using the Jacobian-Free Newton-Krylov (JFNK) method. It is demonstrated that
the new coupled system works well. Consideration of the vapor compressibility
in the two-equation model allows more detailed representation of the vapor core
dynamics while remains light-weight in terms of computational complexity. The
new model is verified by an approximate analytical solution to the heat pipe vapor
core and is validated by a sodium heat pipe experiment.

Keywords: Microreactor · JFNK · Heat Pipe

1 Introduction

The heat pipe cooled MicroRx reduces most moving parts in the reactor design and
provides an autonomousoperation capabilitywith passive safety systems. Its applications
in remote area power stations, space nuclear power supplier, and other non-commercial
fields attract much attention from governments, military, and nuclear industry in recent
years. The heat pipe cooled MicroRx had been designed and demonstrated in several
space exploration projects, KRUSTY [1] for example. Recently, several MWe-scale heat
pipe cooled MicroRx were designed for terrestrial applications as well, including the
eVinci reactor ofWestinghouse andAurora reactor ofOklo [2]. Before the demonstration
and eventual construction of this new type of reactor technology, substantial effort is
required in the safety analysis of this type of reactor and the associated modeling and
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simulations work. One key aspect in this analysis work is the efficient modeling of heat
pipes and its coupling with the solid reactor core.

It is necessary to know the liquid and vapor flow phenomena occurring within a heat
pipe to determine the heat removal capacity and heat pipe performance. Many analytical
and numerical models were proposed for predicting heat pipe operation limits, startup
phenomena, steady-state operation, and transient behaviors. Faghri [3] proposed a two-
dimensional incompressible vapor flow model for prediction of an annular heat pipe
steady-state operation. Later, Faghri and Pavani [4] considered the compressibility of
vapor and derived analytical axial pressure drop within the heat pipe. Chen and Faghri
[5] studied the importance of conjugate heat transfer within the heat pipe wall and
wick by the coupling of a two-dimensional compressible vapor flow model and a two-
dimensional heat conduction model. This study showed that the compressible vapor
flow model gave more reasonable results than incompressible vapor flow model. Cao
and Faghri [6] proposed a two-dimensional transient analysis model which considered
the vapor compressibility and coupled the vapor flowwithwall andwick. They confirmed
that the heat conduction model was sufficient for modeling the heat transfer in the wick
when the thermal conductivity of working fluid is high, especially for high-temperature
heat pipes where alkali metals are used as the working fluid. Cao and Faghri [7] also
proposed a transient model for modeling of nonconventional heat pipes where a one-
dimensional compressible vapor flow model is coupled to the multi-dimensional heat
conduction model for the wall and wick. A comprehensive review of heat pipe analysis
model is referred to Faghri’s paper [8].

In this work, the target application of heat pipe analysis model is the transient safety
analysis of heat pipe cooled MicroRx. Targeting the nuclear applications, several heat
pipe analysis models were proposed, ranging from the simpler superconductor model
to the more complex two-phase flow model. The ANL’s SAM code implemented a so-
called superconductor model where the heat transfer through vapor core was modeled
with heat conduction using an extremely high effective thermal conductivity [9]. This
heat pipe model was eventually used in a full-core multi-physics simulations of a 5MWt
heat pipe cooled MicroRx with great success. Wang et. al [10] developed a heat pipe
heat transfer model based on the quasi-steady compressible one-dimensional laminar
flow model and applied it to performance analysis of heat pipe radiator unit for space
nuclear power reactor. A more complex heat pipe analysis model was proposed in the
Sockeye code based on a two-phase flow model for the vapor core and porous medium
flow model for the wick [11].

There are two critical issues when integrating a heat pipe analysis model into a
system-level safety analysis model. The first issue is the balance between accuracy and
computational complexity of heat pipe analysis model. The simplest thermal resistance
model requires user inputs of vapor core thermal resistance and brings in significant
uncertainties if without support from experiments. The more detailed multi-dimensional
flow model of the vapor core is not applicable to system-level safety analysis due to
its computational complexity. From the author’s point of view, the balance lies in the
one-dimensional vapor flow model. The second issue is the tight coupling between the
heat pipe wall and the vapor core models. The fully-implicit technique is best fit for
resolving this tight-coupled problem.
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This work aims at developing the heat pipe modeling capability in a fully-implicit
code framework, named RETA. RETA is a modern object-oriented system thermal-
hydraulics analysis software developed in C++ by the author. It aims at providing the
capabilities for modeling and simulation (M&S) of advanced reactors. Its underline
solution scheme is the Newton-Krylov algorithm developed for the solution of system
of nonlinear equations. The heat pipe analysis model is one key module of RETA code
for the next-step development of transient safety analysis model of heat pipe cooled
MicroRx.

2 Models

This work considers at first the conventional cylindrical heat pipes consisting of heat
pipe wall, wick, and vapor core regions.

2.1 Vapor Flow Model

Various models and governing equations were formulated for modeling of the flow
field in the vapor core region, including the simple thermal resistance network model,
one-dimensional flow model, and three-dimensional flow model. This work follows the
transient compressible one-dimensional vapor flow model, as was originally proposed
by [7]. The one-dimensional vapor flow model will be coupled to a cylindrical two-
dimensional heat conductionmodel for the heat pipewall andwick. Themajor difference
is that explicit coupling between the wick and vapor core is avoided in this newly
developed model.

The conservation equations for vapor flow with negligible body forces were formu-
lated using mass and momentum equation, i.e., a two-equation model. The conservation
of mass is formulated as,

∂ρ

∂t
+ ∂ρu

∂z
− � = 0 (1)

In which � is the mass generation rate per unit volume. The conservation of
momentum equation is,

∂ρu

∂t
+ ∂ρu2

∂z
+ ∂p

∂z
+ λ

2Dh
ρu|u| = 0 (2)

In which Dh is the hydraulic diameter of the vapor core region, and λ is the dimen-
sionless friction coefficient. This work considers the compressible vapor flow model
with potential Mach number as high as 1. The ideal gas law is used to describe the vapor
equation of state, i.e.

p = ρRT (3)

In which T is vapor temperature and R is the specific gas constant. In the current for-
mulation, the vapor is assumed to be in saturated condition, and the Clausius-Clapeyron
equation is used to determine the vapor saturation temperature from the vapor pressure,

dp

p
= hfg

R

dT

T 2 (4)
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In which hfg is the specific enthalpy of vaporization. In practice, given the reference
temperature Tc and reference pressure pc, the saturation temperature can be obtained by

1

T
= 1

Tc
− R

hfg
ln

p

pc
(5)

Equation (1), (2), (3), and (5) gives the closed set of governing equation for the
one-dimensional vapor flow.

Equation (3) and (5) serve as an algorithmic correlation, and there are 2 partial
differential equations (PDEs) for solution of 2 nonlinear variables, yet to be selected. This
work aims at developing the heat pipe modeling capability in a fully-implicit solution
framework, the first important task is the selection of nonlinear variables. It is natural
to use vapor velocity u as the first nonlinear variable to be solved by the momentum
Eq. (2). We have the freedom to solve the mass equation using vapor temperature T
or vapor pressure p as the nonlinear variable. These two choices should be equivalent
mathematically.Usingpressurep ismore straightforward because the pressure gradient is
an important term in the momentum equation. We implemented and tested this choice,
however it was observed that the resulting nonlinear system of equations was quite
unstable, asminor density perturbation causes significant change in pressure. In contrast,
a temperature formulation was found to be much more stable and was selected in this
work.

Using the Clausius-Clapeyron equation, the pressure gradient term is transformed
into,

∂p

∂z
= dp

dT

∂T

∂z
= ρhfg

T

∂T

∂z
(6)

With vapor temperature as the dependent variable, the vapor density is formulated
as

ρ = pc
RT

exp

[
hfg
R

(
1

Tc
− 1

T

)]
(7)

Finally, Eq. (1), (2), (6), and (7) are the closed set of governing equations formodeling
the one-dimensional vapor flow.

2.2 Heat Conduction Model

This work considers primarily high temperature heat pipe with liquid metal (e.g.,
Sodium) as the working fluid. Because the thermal conductivity of the liquid metal
working fluid is quite high, and wick thickness is thin, the effect of liquid flow in the
wick can be neglected without causing significant modeling error in terms of macro-
scopic average temperature in the wick structure [6].Wewill ignore the liquid flow in the
wick structure and model the wick structure as a solid heat conduction region, with an
effective thermal conductivity evaluated based on wick structure porosity, fluid thermal
conductivity, and wick material conductivity. Currently, this effective thermal conduc-
tivity is specified as a user-input, which could be a temperature and porosity dependent
function.



Development of Heat Pipe Modeling Capabilities in a Fully-Implicit 849

The heat pipe wall and wick regions aremodeled as a two-dimensional axisymmetric
solid heat structure. The governing equation for solid temperature is

ρscp,s
∂Ts
∂t

− 1

r

∂

∂r

(
rks

∂Ts
∂r

)
− ∂

∂z

(
ks

∂Ts
∂z

)
− q

′ ′ ′
s = 0 (8)

Inwhich subscript s represents solid. Note that solid density ρs, specific heat capacity
cp,s, and thermal conductivity ks are all temperature dependent. The nonlinearity due to
this dependency is resolved by the fully-implicit solution scheme.

2.3 Heat and Mass Transfer Model

The heat pipe vapor core is coupled with the heat pipe wick inner surface through a
convection-like formulation. A user-specified effective heat transfer coefficient hv is
used to couple the vapor core temperature T and solid temperature Ts by

q
′ ′
s = −ks

∂Ts
∂r

= hv(Ts − T ) (9)

In which q
′ ′
s is the heat flux at wick-core interface. For the heat pipe, the heat transfer

at the wick-core interface is in fact through the evaporation/condensation of working
fluid. The mass generation rate per unit volume � is thus modeled as

� = awq
′ ′
s

hfg
(10)

In which aw is the heat transfer surface area density per unit volume.

2.4 Friction Model

Aclosed form friction coefficient correlation is required to correctly predict the flowfield
in the vapor core region. The friction coefficient λ in Eq. (2) depends on the Reynolds
number. In this study, the friction coefficient is modeled as

λ =
{

64
Re Re ≤ 2200

0.316
Re0.25

Re > 3000
(11)

This corresponds to the classical friction correlation for pipe flow in laminar and
turbulent situation. An interpolation is performed for Reynolds number between 2200
and 3000. The effect of friction pressure drop will be seen clearly in the following
verification and validation cases.

3 Numerical Scheme

3.1 Discretization Scheme

FiniteVolumeMethod (FVM) is used to solve the one-dimensional vapor flow equations.
A one-dimensional staggered grid is used, as is shown in Fig. 1. This work considers



850 G. Hu

the implicit Backward Euler discretization of temporal terms and upwind discretiza-
tion of the convection terms. Extension to higher-order temporal and spatial discretiza-
tion schemes are possible, which will not be discussed in this article. Wall boundary
conditions are applied at both ends of the vapor core region. Velocity magnitude and
temperature gradient are set to be zero at both ends.

Fig. 1. One-dimensional staggered grid for vapor flow simulation

The final discretized vapor mass and momentum equations are summarized as:

R1,i = �xi
ρi − ρn

i

�t
+ (

ui+1ρ
+
i − uiρ

−
i

) − �xi�i (12)

R2,i = �xi
ρiui − ρni ui

�t
+

(
ρi

ui + ui+1
2

u+
i − ρi−1

ui−1 + ui
2

u−
i

)
+ ρ

(
T

)·hfg(
T

)
T

(
Ti − Ti−1

) + �xi
λi
2Dh

ρ
(
T

) · ui |ui |
(13)

Let U(u, a, b) be the operator for selecting the upwind value based on the velocity,
which is defined as

U(u, a, b) =
{
a u ≥ 0
b u < 0

(14)

In Eq. (12) and (13), ρ+
i and ρ−

i are evaluated based on the upwind concept as

ρ+
i = U(ui+1, ρi, ρi+1), ρ

−
i = U(ui, ρi−1, ρi) (15)

u+
i and u−

i are evaluated based on the upwind concept as

u+
i = U

(
ui + ui+1

2
, ui, ui+1

)
(16)

u−
i = U

(
ui−1 + ui

2
, ui−1, ui

)
(17)

T is vapor temperature evaluated at velocity cell center

T = Ti−1 + Ti
2

(18)

The heat conduction equation of wall and wick region is also solved with FVM in
an orthogonal two-dimensional grid. This discretization is rather straightforward and
is thus ignored in this article, except for two notes. The first note is that non-uniform
mesh size is allowed in both radial and axial directions. This flexibility is quite useful
in distinguishing the wall and wick regions in radial direction; or in distinguishing
the evaporator, adiabatic, and condenser regions in axial direction. The second note is
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that solid density, specific heat capacity, and thermal conductivity are all temperature
dependent. The nonlinearity is resolved by the fully-implicit solution scheme.

The discretized vapor flow equations and heat conduction equations are combined to
form a monolithic system of nonlinear algebraic equations. The vapor temperature and
solid temperature are coupled using the conjugate heat transfer Eq. (9). This coupling
is achieved internally with respect to nonlinear degree of freedom (DOF), which avoids
the explicit boundary data exchange, as in the case where the vapor flow equations and
solid heat conductions equations are solved separately.

3.2 Jacobian-Free Newton-Krylov Method

The system of nonlinear algebraic equations will be solved with the JFNK method,
with an approximate Jacobian matrix serving as the preconditioner. Let U the vector of
nonlinearDOFs andR be the system residual vector generated from the discretized vapor
flow equations and solid heat conduction equations. The system of nonlinear algebraic
equations is expressed as

R(U) = 0 (19)

The JFNK method is based on the Newton’s method, which solves the nonlinear
algebraic equation iteratively by

J

(
Uk

)
· δU = −R

(
Uk

)
(20)

Uk+1 = Uk + α · δU (21)

In which J represents the system Jacobian matrix and α is a relaxation parameter in
[0, 1] to improve the stability of Newton’s iteration. In this work, α is calculated with
a line-search algorithm. In the JFNK algorithm, the linear Eq. (20) is solved with the
Krylov subspace method. The Krylov subspace method tries to find the iterative solution
of the linear equation using the truncated Krylov subspace defined as

Km(J, v) :=
{
v, Jv, J2v, · · · , Jm−1v

}
(22)

The fundamental operation in constructing the Krylov subspace is the matrix-vector
product. The essential idea of the JFNK method is that the matrix-vector product in
Eq. (22) is approximated using a finite difference scheme by

Jv ≈ R(U + εv) − R(U)

ε
(23)

Inwhich ε is a small scalar parameter. In this work, the JFNK scheme is implemented
with the open-source scientific toolkit PETSc [12] developed by Argonne National Lab-
oratory. The generalized minimum residual (GMRES) Krylov subspace linear solver is
used.

It is well-known that the Krylov subspace linear solver in general needs a good
preconditioner for better and faster convergence behavior. In this work, an approximate
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system Jacobian matrix is provided to serve as the preconditioner. The complexity and
computational burden of constructing an approximate system Jacobian matrix could be
significantly reduced compared with constructing the exact system Jacobian matrix as
required in the conventional Newton’s method. In practice, one approximate system
Jacobian matrix is constructed for each time step. If deemed necessary and efficient, this
JFNKmethod can be converted to the Newton’s method in a rather simple way, specified
by an end user.

4 V & V Tests

4.1 Heat Conduction Model Verification

A simple cylinder with uniform internal heating power density and constant solid proper-
ties is used to verify the two-dimensional axisymmetric heat conduction model. Dimen-
sionless heat conduction equation is solved. The radius of the cylinder is set to be 1.
The radial outer surface is fixed at a boundary value of 0 and the axial boundaries are
adiabatic. The density, specific heat capacity, and thermal conductivity is set to 1. A
uniform heating power density of 50.0 is applied in the cylinder. The verification is
shown in Fig. 2. Additional verifications of the heat conduction model were conducted
but ignored here for brevity.

Fig. 2. Verification of two-dimensional axisymmetric heat conduction model in dimensionless
form

4.2 Vapor Flow Model Verification

The verification of vapor flowmodel is performed using a heat pipe with uniform heating
at the evaporator wall surface and a fixed temperature at the condenser wall surface, as
is shown in Fig. 3.

We at first derive an approximate analytical solution of vapor for verification
purposes. The following assumptions are made:
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Fig. 3. Heat pipe verification model

• Heat flux at the interface between wick inner surface and vapor core is uniform in
both evaporator and condenser section.

• The specific enthalpy of evaporation is a constant value.
• Heat removal rate in the vapor core is low, the pressure and temperature variation in
the vapor core are thus small, vapor density is approximated to be a constant value.

• Friction coefficient is a constant value. This is in general not a valid approximation
in practical simulations but should not be a problem in a verification test.

Let M = ρu be the mass flux of vapor flow. At steady-state, with the assumption
that � is a piecewise uniform function of axial location z, the mass flux and pressure
drop are found to be:

M =
∫ z

0
�dz (24)

�p = − 1

ρc

(
M 2 + λ

2Dh

∫ z

0
M 2dz

)
(25)

The vapor temperature can be calculated with Eq. (25) and the Clausius-Clapeyron
Eq. (4). Physical and boundary conditions for this verification test are listed in Table 1.

Fig. 4. Verification of vapor temperature

The total heat removal rate in this verification test is 10 W, which is relatively low
such that the vapor speed is low. The maximum Mach number in this test is about
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Table 1. Physical and boundary conditions of heat pipe verification test cases

Parameters Value

ks,wall 20.0 W/(m-K)

ks,wick 60.0 W/(m-K)

Le, La, Lc 0.4 m, 0.2 m, 0.4m

δwall , δwick 0.001 m, 0.001 m

R, hfg 361.66 J/(kg-K), 4.0E + 06 J/kg

Rv,Dh 0.005 m, 0.01 m

λ, hv 0.032, 1.0E + 06 W/(m2-K)

Q, Tsink 10 W, 800 K

pc, Tc, ρc 1157 Pa, 800 K, 0.004 kg/m3

0.015, thus the incompressible assumption is valid. The verification results for vapor
temperature, vapor pressure, and vapor mass flux are shown in Fig. 4, Fig. 5, and Fig. 6.
The simulation results agree very well with the analytical solutions in the evaporator and
adiabatic sections. Minor difference is seen in the condenser section, which is caused by
the non-uniform heat flux distribution (and thus vapor condensation rate) in this section.
The heat conduction model in the heat pipe wall and wick considers two-dimensional
effect. While uniform heat flux is added at the evaporator outer wall, the heat flux at
the interface of wick and vapor core still contains non-uniform profile. In the evaporator
section, vapor pressure drops due to both evaporation of working fluid and friction; in the
adiabatic section, vapormass flux is a constant value, vapor pressure drops linearly due to
friction; in the condenser section, the condensation of vapor brings in pressure recovery,
but because of the frictional losses, only partial pressure recovery is achieved. Similar
trend is seen in vapor temperature. Overall, there is a positive pressure and temperature
drop in the vapor core from the evaporator end to the condenser end, as required by the
thermodynamics law.

Fig. 5. Verification of vapor pressure
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Fig. 6. Verification of vapor mass flux

A temperature drop analysis is also conducted for this verification test. The results
are shown in Table 2. The subscript number is corresponding to location as labeled in
Fig. 3. The simulation results match analytical results very well. The newly implemented
fully-implicit model is thoroughly verified.

Table 2. Temperature drop analysis results

Variable Analytical: K Simulation: K Error: K

T1 − T2 4.28E-2 4.16E-2 -1.2E-3

T2 − T3 7.95E-4 7.96E-4 1.0E-6

T3 − T4 9.44E-3 9.59E-3 1.5E-5

T4 − T5 7.95E-4 8.58E-4 6.3E-5

T5 − T6 4.28E-2 4.30E-2 2.0E-4

4.3 Validations

In this subsection,wewill conduct two steady-state validation studies using experimental
data and reference results from other codes available in literatures. The validation cases
are based on cylindrical sodium heat pipe experiments conducted by Ivanovskii et al.
[13], where vapor temperatures were measured and reported. Besides the experimental
data, simulation results from Chen and Faghri [5] are also used as reference results
for a code-to-code comparison, which includes results from both incompressible and
compressible models.

Two cylindrical sodium heat pipes are modeled, the details of physical and boundary
conditions are listed in Table 3. In the evaporator wall surface, a uniform heat flux is
applied as the boundary condition; in the condenser wall surface, a convective boundary
condition is applied with a sink temperature (Tsink ) of 300 K. For this model, the thermal
resistance due to convective heat transfer in the condenser wall surface is much larger
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Fig. 7. The axial vapor temperature profile for sodium heat pipe with Q = 560 W

than that of the heat pipe. The heat pipe working temperature is very sensitive to the heat
transfer coefficient (hsink ) at this surface. For this study, hsink is iteratively calibrated
such that the vapor pressure and temperature at the evaporator end match the reference
values. The heating power in these two test cases are 560 W and 1000 W, respectively.
An axial mesh size of 6.25E-03 m is used in the simulations. Steady-state results are
obtained and compared with experimental/reference values.

Table 3. Physical and boundary conditions of heat pipe validation test cases

Parameters Case 1 Case 2

Fluid Sodium Sodium

pc: Pa 1300 2476

Tc: K 818 856

ks,wall : W/(m-K) 19.0 19.0

ks,wick : W/(m-K) 66.2 66.2

Le, La, Lc: m 0.1, 0.05, 0.35 0.1, 0.05, 0.55

δwall : m 0.001 0.001

δwick : m 0.0005 0.0005

hfg : J/kg 4.182E + 06 4.182E + 06

μv: Pa s 1.80E-05 1.80E-05

Rv: m 0.007 0.007

hv: W/(m2-K) 1.0E + 06 1.0E + 06

Q: W 560 1000

hsink : W/(m2-K) 59.6 62.6

Tsink : K 300 300

Axial elements 80 112
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Figure 7 shows the comparison between numerical results from this study and refer-
ence results, including experiment data and simulation results, for the vapor temperature
for Case 1. The results from RETA match the experimental data well, with a maximum
deviation of about 4 K near the evaporator-adiabatic interface. Similar order of deviation
was observed in the reference simulation results as well. This deviation is acceptable
considering that uncertainty in vapor temperature measurement can be quite big.

Fig. 8. The axial vapor pressure profile for sodium heat pipe with Q = 560 W

Fig. 9. The axial vapor Mach number profile for sodium heat pipe with Q = 560 W

Figure 8 shows the vapor pressure profile for Case 1. It is seen that results from
RETA match the reference results and is closer to the reference compressible model
results. This is expected because the current model considers the compressibility as
well. Figure 9 shows the Mach number profile for Case 1. The maximumMach number,
happening at the adiabatic section, is around 0.55 from RETA prediction. In general,
results from RETA match the reference results well in the evaporator section but shows
deviation in the condenser section. This is determined by the difference in the vapor
flowmodel (e.g., one-dimensional vs two-dimensional) and the difference in the friction
model, etc.

Figure 10 shows the comparison between numerical results from RETA and refer-
ence results for the vapor temperature for Case 2. The results from RETA match the
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Fig. 10. The axial vapor temperature profile for sodium heat pipe with Q = 1000 W

experimental data well, especially in the evaporator section. The maximum deviation of
about 3 K is observed near the end of condenser section. Similar order of deviation was
observed in the reference simulation results as well. In general, the newly developed
model can predict the various physics in a cylindrical heat pipe reasonably well but with
future work to be done for improvements.

5 Conclusions

This work proposed a fully-implicit solution algorithm for simulations of cylindrical
heat pipes in the RETA code. To better predict the temperature profile of the working
fluid in the vapor core, a compressible one-dimensional vapor flow model is developed
and discretized in the finite volume manner. An axisymmetric two-dimensional heat
conduction model is developed, which is then coupled to the one-dimensional vapor
flow model through conjugate heat transfer at the interface. The fully-coupled vapor
flow and heat conduction models form a monolithic system of nonlinear equations,
which are solved with Newton’s method in combination with a Krylov sparse linear
solver.

Several numerical tests are conducted to verify and validate the newly developed
model. An approximate analytical solution for the vapor flow is derived based on a
few assumptions. The excellent agreement of RETA simulation results with analytical
solution confirms the model setting, derivation, and code implementation of the newly
developed model. Two steady-state validation tests are conducted. Comparison of vapor
temperature with experimental data and reference simulation results shows that the
newly developed model has a good prediction accuracy. It is observed that the prediction
accuracy is worse in the condensation section, likely caused by the rather simple friction
factor correlations. Future work is needed to improve this.

To conclude, this new model considers the vapor flow with a compressible one-
dimensional flow model in the vapor core. Compared with other simpler models, for
example thermal resistance model, this new model can predict the vapor pressure, tem-
perature, and velocity with good accuracy, which should help reduce the uncertainty in
predicting the performance of a heat pipe. It is expected that this new heat pipemodelwill
play an important role in the design and safety analysis of heat pipe cooledmicroreactors.
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There are several future works for improvement of the newly developed model,
including but not limited to:

• Transient simulation capability is available in the current code; however, it requires
more verification and validation tests.

• Development and implementation of various heat transfer limits of heat pipe operation.
• Improvement of heat pipe solution algorithms for simulation of vapor flow at higher
Mach number. At a test study, the solution algorithm is found to be struggle at
supersonic conditions where discontinuities exist in vapor region.

• Development of heat pipemicroreactor modeling capabilities by coupling of heat pipe
models with heat conduction model of the reactor core, system loop model of the heat
pipe heat exchangers, etc.
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Abstract. Physical property test fuel rod is used for the engineering test and ther-
mal comprehensive experimental verification of lead-cooled reactors. Preliminary
electron beam welding (EBW) trials showed that the welding quality of coated
15-15Ti tube and 316L end plugwere significantly affected bywelding defects. By
studying the welding defects with optical microscopy (OM) and scanning electron
microscopy (SEM), it is showed that the inclusions in the coating of the cladding
tube enter the welding line during EBW, increasing the tendency to form cracks
and leading to welding cracks; the excessively long mating surface between the
cladding tube and end plug results in welding gas expansion. Through the design
of orthogonal tests with influential parameters including the length of the mating
surface of the end plug, the removal amount of the inner wall of the cladding
tube and the interference amount on the quality characteristics, the comprehen-
sive effects of these parameters were studied and the best matching structure was
determined, which breaks through the difficulty in the welding between 316L end
plug and coated 15-15Ti tube, and the welding qualification has been verified to
be improved.

Keywords: fuel rod · electron beam welding (EBW) · welding with coating
material · welding defect · orthogonal experiment qualification control · 15-15Ti
cladding tube

1 Introduction

The lead-based reactor is one of six fourth-generation reactors recommended by the
International Forum on Energy Systems (GIF), it has significant advantage in safety,
miniaturization and feasibility. Therefore, the research on Physical property test fuel
rod promotes the progress of ADS transmutation system and related technology of lead
based reactor, and lays a solid foundation for the engineering of lead based reactor in
China. Physical characteristics fuel rod welding is completed by ring welding of upper
end plug, lower end plug and clad tube. The upper and lower end plugs are machined
from 316L stainless steel and the coated tube is 15-15Ti material.

© The Author(s) 2023
C. Liu (Ed.): PBNC 2022, SPPHY 283, pp. 861–871, 2023.
https://doi.org/10.1007/978-981-99-1023-6_73

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-1023-6_73&domain=pdf
https://doi.org/10.1007/978-981-99-1023-6_73


862 J. Han et al.

Themain defects of fuel rodwelding are incomplete penetration, porosity, gas expan-
sion and crack, etc. Porosity is one of the commonly occurring welding defects in weld-
ing, it exists inside or on the surface of the weld metal, and its defect form is round
porosity, columnar porosity and round dense porosity. The harmfulness of porosity is
mainly manifested as a reduction in the load-bearing capacity of the welded joints,
resulting in increased probability of local corrosion perforation. Incomplete penetration
is the incompletely penetration of root or interlayer of the joint during welding. Stress
concentration is easily generated at the incomplete ends and gaps, which may lead to
cracking under external forces. Cracks are gaps that exist inside or on the surface of the
weld or heat-affected zone, and there is a significant stress concentration at the sharp
root. When the stress level exceeds the strength limit of the sharp root, the crack will
expand, which will aggravate fatigue failure and stress corrosion failure.

2 Statistics and Analysis of Welding Defects

2.1 Statistics of Qualification Rate

According to the statistics of welding test results in the early stage of the test, the average
welding qualification ratewas 81.9%, and the batchwelding qualification ratewas shown
in Fig. 1. The welding defects leading to unqualified fuel rods in the above experimental
batches include gas expansion, crack, incomplete penetration, porosity, non-fusion and
unqualified appearance, as shown in Fig. 2.

Fig. 1. Fuel rod welding batch pass rate statistics during the experimental phase Statistics

Fig. 2. Experimental phase fuel rod welding failure statistics
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Analysis of the arrangement in Fig. 2 shown that the cause of the passing rate
plummeting is the generation of gass expansion and cracks; By the statistical date, it
was found that gas expansion and cracking accounted for 79.5% of the total number of
defects, through the theoretical calculations, if we reduce the number of gas expansion
and cracking defects of 85.1%; Though the analysis of two kinds of defects, take the
corresponding control measures, and improve the welding pass rate.

2.2 Defect 1-Crack Analysis

In the welding experiments, the fuel rods that are not qualified in NDT were examined
by means of penetration test, metallurgical inspection, scanning electron microscopy
and energy spectrum analysis, and the welds were further analyzed.

Fig. 3. Penetration testing-crack Fig. 4. Metallographic testing-crack

For the analysis of the test welded fuel rods for the experimental process generated
by the X-ray inspection failed fuel rods, and targeted further destructive testing of the
welding seam is carried out to analyze the root cause of its generation. Figure 3 shows
the penetration test, and the test results shown that there was a crack about 5 mm in
the lower plug ring welding area on the left side of the fuel rod, and there was a crack
about 2 mm in the upper plug ring welding area on the right side of the fuel rod. The
metallographic test specimens were prepared for the penetration detection cracks; Fig. 4
shown the metallographic test at the corresponding cracks, and the figure shown that the
cracks were found in the metallographic test corresponding to the welding cracks of the
fuel rod on the left, and no cracks were found at the welding cracks of the fuel rod on
the, right, but one crack was found in the cladding matrix material.

Figure 5 shown the scanning electron microscopy analysis of the crack at the weld-
ing, combined with the energy spectrum analysis can be obtained, the crack is mainly
composed of C, O and Si elements, and the C is the highest content of elements. Figure 6
shown the scanning electron microscopy analysis of the crack at the substrate, combined
with the energy spectrum analysis, it can be seen that in addition to the high content of
C and O elements, Ti, Mn and Cr elements with high composition were been detected
(Fig. 7).

In view of the metallographic results founded cracks from the cladding matrix,
though the cladding analysis, it is founded that the fuel rod cladding is a kind of coated
15-15Ti cladding tube, combined with the analysis about scanning electron microscopy
and energy spectrum of cladding tube coating in Fig. 9, it was obtained the inner wall
coating C, O, Ti, Mn, Cr elements on the high side. It is inferred that the inner wall
coating of the tube is mainly composed of oxides and carbides of Mn, Ti and Cr etc.
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Fig. 5. The results of electron microscopy detection crack at the welding scanning

Referred to the relevant literatures, it was known that the cracking mechanism can be
divided into hot cracks and cold cracks; Hot cracking is generated during the transition
of the weld metal from liquid to solid state, such as sulfur and phosphorus in the weld is
prone to thermal cracking. Cold cracking is generated during the cooling process of the
weld, such as higher carbon content or more alloy elements is prone to cold cracking.
When the carbon equivalent of the material is less than 0.4%, the basic will not produce
cracks, while the carbon equivalent of the material is greater than 0.6%, it is difficult to
completely avoid the cracks.

Combinedwith the analysis of the above test results could be obtained, the inclusions
of inner coating lead to the cracks; the oxides and carbides of inner coating enter the weld
increases the cracking tendency during the welding, so that the cracks were occured to
somewelds, at the same time, the high content of C elements in the coating can lead to the
formation of saturation at the grain boundaries, further formation of carbon precipitation,
increased the cracking tendency of the weld.

2.3 Defect 2-Gas Expansion Analysis

Selected X-ray detection of the failed fuel rod, the further analysis of metallurgical
testing about the weld, the results were shown in Fig. 8, the cavity between the weld and
the substrate is the gas expansion.

Reference to the relevant literatures [4] can be seen, gas expansion mainly occurs in
the heat-affected zone close to the fusion zone, a slight gas expansion lead to the mating
surface of the end plug and the inner wall to form a small gap along the circumferential
direction of the clad tube, a serious gas expansion can make the wall thickness of the
clad tube thinning.
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Fig. 6. The results of scanning electron microscopy at the matrix crack

During the vacuum electron beam welding process, Due to the rapid crystallization
of metal, electron beam welding seam is usually very narrow, rapid cooling and solid-
ification, litter chance of gas overflow from the weld, thus increased the possibility of
porosity and gas expansion. The analysis of gas expansion in electron beamwelding was
complicated, the main reasons include: 1) the cleanliness of workpiece is not enough;
2) The coating tube and the end plug are not properly matched; 3) The gas generated
during the welding process without drainage channels; 4) Excessive heat input during
welding.

Through the observation of a lot of X-ray photos found that gas expansion has the
following characteristics: 1) the gas expansion and porosity produced at the same time,
different batches of ring welds, the probability and size of gas expansion and porosity
fluctuates greatly; 2) the location of gas expansion is fixed, it is that the fusion zone near
the end plug side, the end plug and the clad tube with the gap area, as shown as Fig. 9.

In view of relevant research and tests has been carried out in the experimental stage,
the best welding parameters had been developed, and the welding heat input could be
well controlled; In order to eliminate the porosity and gas expansion, the measures were
be taken as followed: Strictly cleaning into and drying for the clad tube and end plug
before welding, maintaining the cleanliness of the welding area; Choose a qualified end
plug interference structure to reduce the residual gas in the mating gap.
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Fig. 7. The scanning electron microscopy detection results of cladding coating

Fig. 8. The defect of gas expansion

Fig. 9. Schematic diagram of fuel rod gas expansion defect
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3 Test Program

Summarize above statistics can be shown that the main reason for the low welding pass
rate is cracks and gas expansion, the main reason affecting the generation of cracks in the
weld is the inner wall coating of the casing tube; The gas expansion during the welding
process is caused by the longer surface between the end plug and the casing tube contact.

Therefore, the impact ofwelding defects is the innerwall removal amount of cladding
tube, end plug and clad mating surface length., The amount of interference fit between
them will be changed, when the clad and end plug structure changes at the same time.

Select orthogonal table of L9(34), makes the factor level Table 1.

Table 1. Factor level table of welding test

levels Factors

Removal amount of inner
wall of cladding(mm)

Interference between end
plug and the tube(mm)

Length of mating surface
between end plug and
cladding(mm)

1 0 0.02 3.5

2 0.02 0.03 2.0

3 0.04 0.04 0.8

According to the above three influencing factors, orthogonal experiments were
designed, and 10 fuel rod welding tests were carried out according to different test
groups. As the X-ray inspection, penetration detection and weld appearance detection
results for judge reference, it was shown in Table 2.

Table 2. Test criteria items

Record Item

X-ray result penetration detection weld appearance
detection

1 pass flawless pass

0 defects of porosity and gas
expansion

crack defects of rough weld,
obvious fish-lock lines,
appearance holes

Analysis of test data can be obtained, the crack defects could been effectively con-
trolled by removed the internal coating, the generation of gas expansion defects could
been effectively suppressed for the length about 0.8 mm of mating surface. The best test
scheme is to remove the internal coating of the cladding tube about 0.04 mm, the mating
surface length between the cladding tube and end plug is 0.8 mm, and the interference
fitting amount of the cladding tube and end plug is 0.03 mm.
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4 Verification of Process Parameters

4.1 Experimental Data Verification

In order to further verify the feasibility of the orthogonal test results, experimental
verification was carried out for the above parameters. The cladding tube with 0.04 mm
removal of the inner wall coating, re-processed the end plug contact surfacewith 0.8mm,
and the interference amount of 0.03mmwere used to carry outwelding tests, Thewelding
of 10 fuel rods were completed, and the helium leak detection of welding seam, X-ray
inspection, metallographic testing and penetration testing were carried out.

The helium leak detection results were all passed, the test results of X-ray inspection
of the weld shown that 9 roots qualified, while one root had small pores, Which may be
caused by the uncleaned pores before welding; Combined with the analysis of the results
of metallographic testing and penetration testing, it can be found that there is no welding
cracks. Figure 10 shown the metallographic testing results of a few randomly selected
welds, metallographic testing results shown that no cracks and no gas expansion; Fig. 11
shown the results of penetration testing of the weld, It was could be seen no cracks from
the figure.

Fig. 10. Weld metallographic result

Fig. 11. Weld penetration result
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In order to further confirm whether there were cracks in the above-mentioned weld
seam with qualified test results, 1 fuel rod with qualified test results was randomly
selected for metallographic layer grinding test, and the grinding was carried out and
photographed according to the grinding volume of 0.15 mm each time, and the test
results were shown in Fig. 11. Through the layer grinding metallographic inspection
photos can be seen, there was no cracks in the welding area (Fig. 12).

Fig. 12. Layer grinding test metallographic test results
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4.2 Production Data Verification

The process program was carried out to subsequent welding work, the welding about
876 fuel rods had no helium leak detection and penetration testing failed fuel rods.
The quality data of the production phase was analyzed, the qualification rate of fuel
rods reached 94.1%, and the qualification rate statistics were shown in Fig. 13. IF the
influence of fuel rod surface non-quality (pitting, scratching, etc.)was excluded, the fuel
rod welding pass rate would be reach 95.9%.

Fig. 13. Fuel rod batch pass rate

The non-conforming products was counted during the welding process, and the
quality trends, were shown in Fig. 14, the distribution of non-conforming product types
shown, that no gas expansion defects caused by the award of the scrap, and the crack
award of the fuel rod occupied a very small proportion of the scrap, achieved a better
result.

Fig. 14. Welding seam failed to award the statistical trend chart

5 Conclusions

(1) Cracking and gas expansion is the root cause of the fuel rod welding quality degra-
dation on the welding between 316L end plug and coated 15-15Ti tube, the inner
wall coating of the clad tube is the root cause of cracking, end plug mating surface
length is the root cause of gas expansion.
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(2) The best process parameters for the inner wall coating removal amount of 0.04 mm,
end plug mating surface length with 0.8 mm and the amount of overfill is 0.03 mm.
It could effectively reduce the generation of cracks and gas expansion defects, the
pass rate of fuel rod welding increase to 95.9%.
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Abstract. Intrusion/erosion will cause mass loss of bentonite, resulting in endan-
gering the operation safety of the repository for disposal of high-level radioactive
waste. In this work, intrusion/erosion tests were conducted on GMZ bentonite
specimens with a fracture aperture of 0.1, 0.5, 0.75 and 1.0 mm, as well as a dura-
tion of 60days. Imageswere regularly capturedwith a digital camera. The intrusion
distance and width of accessory-mineral ring were obtained. The erosion rate was
determined by a turbidimeter. Meanwhile, parallel tests with a fracture aperture
of 0.5 and 1.0 mm were repeated with a duration of 5, 15 and 30 days. After tests
stopped, dry weight of specimens was measured. Results show that the intrusion
distance increased with increasing fracture apertures, resulting in the increase of
accessory-mineral-ring width, which will in turn restrict intrusion and erosion.
Actually, the erosion rate in the early period decreased obviously with increasing
accessory-mineral-ring widths, due to its filtration effects. However, when erosion
reached stabilization, the erosion rate increased with increasing fracture apertures
and intrusion distances but not independent of the accessory-mineral ring. The
majority part of specimen mass loss ratio in the early period was from intrusion.
But when intrusion reached stabilization, the mass loss ratio of specimen will be
mainly contributed by erosion and would keep on increasing. Moreover, the mass
loss ratios of specimens after 60 days by intrusion and erosion both increased
with increasing fracture apertures. Meanwhile, the difference between the mass
loss ratio by intrusion and erosion increased with increasing fracture apertures.

Keywords: Bentonite · Intrusion/erosion · Accessory-mineral ring · Fracture
aperture · Mass loss

1 Introduction

Deep geological disposal is considered as an effective way to solve the problem of safe
disposal of high-level radioactivewaste (HLW).According to the concept of thismethod,
high-level radioactive waste is designed to store in a natural geological body (500–
1000 m below the ground surface), in order to isolate it from the ecological environment
for a long time or permanently. In this regard, compacted bentonite has been consid-
ered as a candidate buffer material for sealing the gaps and fractures in the repository
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[1–4]. Researches reveal that numerous fractures with various sizes would be inevitably
encountered in the surrounding rock including those naturally originated or generated
during construction activities, etc. [1, 13, 16]. Theses fractures could serve as channels
for groundwater flow. Once compacted bentonite in the core area contacted with ground-
water in the fractures, it will expand and squeeze into the fractures. Meanwhile, when
the cation concentration in the groundwater is below the critical coagulation concen-
tration (CCC) [8, 15], bentonite colloidal particles could be generated at the clay/water
interface and carried away, resulting in bentonite erosion by flowing groundwater. The
phenomenon that bentonite buffer material hydrated into fractures in the surrounding
rock and then eroded away by groundwater was defined as bentonite intrusion/erosion.
This intrusion/erosion behavior may cause significant mass loss of bentonite during the
long-termoperation of the repository, especially for the fractureswith larger sizes. There-
fore, it is of great importance to figure out the intrusion/erosion behavior of bentonite
with consideration fracture aperture effects.

During past decades, numerous work has been conducted on the intrusion/erosion
process of montmorillonite in artificial fractures. A two-dimension fracture formed by
two transparent plates is designed and the intrusion/erosion tests were performed to
investigate effects of the types of montmorillonite, water velocity and slope angle of
the fracture on the intrusion distance and erosion rate. Vilks et al. (2010) found that the
intrusion distance and erosion rate of Na-rich montmorillonite was significantly higher
than Ca-rich montmorillonite [14]. Schatz et al. (2013) found that there was not enough
test data to prove the relationship between the intrusion distance and flow velocity [12].
While the erosion rate of Na-richmontmorillonite increased with the increase of the flow
velocity under themost dilute conditions (ionic strength< 1mM). Subsequently,with the
same apparatus, the influence of fracture angles on the intrusion distance and erosion
rate was investigated by Schatz et al. (2016) [11]. It was observed that the intrusion
distance was larger in the bottom half than that in the upper one, with the fracture angle
of 45° and 90°. Moreover, an increase in erosion rate of Na-rich montmorillonite was
observed with an increasing fracture slope angle from 0° to 90°.

In comparison with montmorillonite materials, the intrusion/erosion process of ben-
tonite also has attracted much attention. The intrusion/erosion behavior of MX-80 ben-
tonite with a naturally varying fracture aperture was investigated by Reid et al. (2015)
[10]. It was found that an accessory-mineral ring, mainly composed of accessory miner-
als (such as quartz, felspar, etc.) was generated at the intrusion edge during the process
of erosion. A two-stage cyclic intrusion/erosion mechanism was derived, that confirms
the mitigating effects of accessory-mineral ring on the intrusion and erosion.

Previous studies have focused on the intrusion/erosion behavior with one single
fracture aperture. However, the variability of the fracture aperture may play an important
role in the development of the accessory-mineral ring, whichmay in turn inhibit intrusion
and erosion [10]. Moreover, research of influence of intrusion/erosion on mass loss of
bentonite has rarely been reported, which is necessary for assessing the deterioration
process of buffer materials with fractures.

In this study, tests on intrusion/erosion ofGMZbentonite into artificial fractureswere
carried out with a fracture aperture of 0.1, 0.5, 0.75 and 1.0 mm, as well as a duration
of 60 days, in order to evaluate the influence of fracture apertures on bentonite intrusion



874 L. Xu et al.

and erosion. Meanwhile, parallel tests with a fracture aperture of 0.5 and 1.0 mm were
repeated with a duration of 5, 15 and 30 days. After tests stopped, the mass loss of
specimens for each test could be determined. Based on these results, influences of the
intrusion/erosion behavior and on the mass loss of bentonite were analyzed.

2 Methodlogy and Test Procedures

2.1 Apparatus

In this study, an experimental apparatus was developed (Fig. 1) for conducting intru-
sion/erosion tests. By inserting stainless-steel gasket into two transparent acrylic plates,
a flow-through cell was generated between the two plates. Then, fractures with different
sizes could be formed by adjusting the thickness of the gasket. Meanwhile, a hole for
placing the specimen was set in the center of the apparatus. A cross-type counterforce
frame was mounted on the upside of the acrylic plate (Fig. 1), to restrict the vertical
deformation of the acrylic plate due to the specimen swelling. Finally, with a high-
precision camera fixed above the test apparatus, the bentonite intrusion process could
be monitored by taking images automatically at given time intervals.

Fig. 1. Setup for conducting the intrusion/erosion test
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2.2 Materials and Specimen Preparation

1) Materials

Gaomiaozi (GMZ) bentonite was tested in this study, whichwas extracted from Inner
Mongolia autonomous region of northern China [5, 6]. Its basic properties are listed in
Table 1.

2) Specimen preparation

For specimen preparation, 77.5 g of GMZ bentonite powder with an initial water
content of 10.0% and filtrate conductivity below 10 µs/cm was statically compacted
into a cylindrical specimen with a target height of 20 ± 0.5 mm, a diameter of 50.4 mm
and a dry density of 1.70 ± 0.05 Mg/m3.

Table 1. Basic properties of GMZ bentonite [5]

Properties Description

Specific gravity of soil grain 2.66

Mesh 200

Liquid limit (%) 276

Plastic limit (%) 37

Total specific surface area (m2/g) 570

Cation exchange capacity (mmol/g) 0.773

Main minerals Montmorillonite (75.4%),
Quartz (11.7%),
Cristobalite (7.3%),
Feldspar (4.3%)

Table 2. Specifications of the tests conducted

Tests Fracture aperture
(mm)

Test termination time
(day)

T1 0.1 60

T2-5 0.5 5, 15, 30 and 60

T6 0.75 60

T7-10 1.0 5, 15, 30 and 60

2.3 Test Procedures

In order to investigate the influence of fracture apertures on intrusion/erosion behavior,
as well as the intrusion/erosion process on the mass loss of buffer materials, a total of
10 tests were conducted (Table 2).
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First of all, after installation of the compacted bentonite specimen into the central
compartment, a peristaltic pump was used to provide deionized water injected into the
three inlets. A constant velocity of 8.3 × 10–5 m/s could be produced. Then, the camera
was activated and imageswere regularly obtained. According to the relationship between
the circular area and the radius, the intrusion distance (l) or width of the accessory-
mineral ring (l1) could be derived,

l =
(√

2(S1 + S2)

θ
+ r2

)
− r (1)

l1 = l −
[(√

2S1
θ

+ r2

)
− r

]
(2)

where, S1 and S2 are the circular area of non-accessory and accessory-mineral ring, θ is
the angle of fan-shape area and r is the radius of specimen. (Fig. 2).

Fig. 2. A bird view of the test apparatus with bentonite intruded

Meanwhile, with a portable turbidimeter (TN-100 from Eutech Instruments), the
turbidity of outlet effluent was measured every 24 h. Then, according to the calibration
curve shown in Fig. 3, erosion rate could be determined [2]. After the test, the specimen
was pushed out and its dry mass was weighed.

New specimens were installed and procedures above were repeated. Until all the 10
specimens with respect to the various fracture apertures and test termination time were
tested corresponding to their own specifications (Table 2), all the tests were completed.

3 Results

3.1 Intrusion Behavior

The intrusion stage with a fracture aperture of 1.0 mm during 60 days is presented
in Fig. 4. As shown in Fig. 4, a ring of layered material (accessory-mineral ring) was
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Fig. 3. Calibration curve for the turbidity and concentration of erosion

Fig. 4. Scenarios after different intrusion times for the test with a fracture aperture of 1.0 mm

formed and developed at the clay-water interface. This observation is consistent with
the research by Reid et al. (2015) [10].

According to the ImageJ software, evolutions of intrusion parameters (intrusion dis-
tance and width of accessory-mineral ring) are obtained in Figs. 5 (a) and (b). It clearly
shows that the intrusion distance and width of accessory-mineral ring both increased
significantly in the early stage. Then, the two intrusion parameters increased more grad-
ually and reached stability after 60 days. Moreover, for one given day, the two intrusion
parameters increased with increasing fracture apertures.

3.2 Erosion Behavior

The erosion curve in terms of erosion rate versus time is shown in Figs. 6 (a). Results
in Fig. 6 (a) show that the erosion rates with a fracture aperture of 1.0, 0.75, 0.5 and
0.1 mm decreased rapidly before 5 days. Then the erosion rates increased and reached
a second peak value after 10, 9, 8 and 9 days, with a fracture aperture of 1.0, 0.75, 0.5
and 0.1 mm, respectively. Finally, their corresponding erosion rates decreased and kept
stable around after 60 days.
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Fig. 5. Evolutions of intrusion distance (a) and width of accessory-mineral ring (b) with time

Meanwhile, the evolutions of the accumulated erosionmass with time are depicted in
Fig. 6 (b). It can be observed that the accumulated erosion mass increased significantly
in the early period. Then, an obvious turning point of the erosion curve was observed.
Moreover, for one given day, the accumulated erosion mass increased obviously with
increasing fracture apertures.

3.3 Mass Loss Ratio of Specimens

With tests stopped, the specimens were pushed and weighed to obtain the dry mass.
Then, for tests with a fracture aperture of 0.5 and 1.0 mm, the evolutions of mass loss
ratio of specimens with time are obtained in Fig. 7. It appears in Fig. 7 that once the
intrusion/erosion occurred, the mass loss ratios of specimens both increased rapidly and
then followed by an obvious reduction in the increase rate after about 15 days.
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Fig. 6. Evolutions of erosion rate (a) and accumulated erosion mass (b) with time

Subsequently, the mass loss ratio of specimens after 60 days is plotted versus the
fracture aperture in Fig. 8. It can be observed in Fig. 8 that themass loss ratio of specimens
increased significantly with increasing fracture apertures.

4 Discussion

4.1 Influences of Fracture Apertures on Bentonite Intrusion

According to the intrusion model by Svobody (2013) [13], the sidewall friction factor
decreases with increasing fracture apertures. Therefore, the intrusion distance in the
steady state is proportional to the fracture aperture. Meanwhile, based on this theory and
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Fig. 8. Relationship between mass loss ratios of specimens and fracture apertures after 60 days

the test result with fracture aperture of 0.1 mm, the predicted intrusion distance after
60 days versus fracture apertures could be obtained in Fig. 9. However, it appears in
Fig. 9 that the predicted value was obviously larger than the measured one, especially
for tests with a larger fracture aperture. This observation could be due to the mitigating
influence of the accessory-mineral ring on intrusion (Reid et al., 2015) [10] and its
explanation could be given as follows. According to the research byMoreno et al. (2011)
[7], the erosion rate would increase with increasing intrusion distances, leading to more
accessory minerals left at the clay/water interface. Accordingly, the width of accessory-
mineral ring would increase correspondingly with increasing intrusion distances and
more significantly with a larger fracture aperture. Indeed, according to Figs. 5 (a) and (b),
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the relationship between thewidth of accessory-mineral ring and intrusion distance could
be obtained in Fig. 10. The width of accessory-mineral ring increased with increasing
intrusion distances and was larger with increasing fracture apertures, which confirmed
the conclusion above. Therefore, as the fracture aperture and intrusion distance increase,
the larger width of accessory-mineral ring may lead to the more restrictive effects on
intrusion. In this regard, the intrusion model proposed by Svobody (2013) [13] could
not be used for simulating the intrusion behavior in this study, especially with a larger
fracture aperture.
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4.2 Influences of Fracture Apertures on Bentonite Erosion

According to research by Neretnieks et al. (2017) [9], the erosion rate (Nerosion) could
be calculated as,

Nerosion = 4ρsδφc

√
Du(l + r) (3)

where, ρs is the density of montmorillonite, δ is the fracture aperture, φc is the volume
fraction of montmorillonite at the intrusion front, D is the diffusion coefficient, u is the
flow velocity, l is the intrusion distance and r is the radius of specimens.

For one given fracture aperture, based on this erosion model (Eq. (3)), the erosion
rate will increase with the increase of the diffusion coefficient and intrusion distance.
However, according to Figs. 5 (a) and Fig. 6 (a), it is clear that the erosion rate in the early
stage decreased significantly with the increase of the intrusion distance and accessory-
mineral-ring width, indicating that the development of the accessory-mineral ring would
lead to the reduction in the diffusion coefficient [10]. After the intrusion distance reached
stabilization, the erosion rate basically remained unchanged. According to Eq. (3), it can
be concluded that the diffusion coefficient would also keep constant in the steady state.
Meanwhile, according to Figs. 5 (a) and Fig. 6 (b), the relationship between the final
average erosion rates after 60 days and δ

√
(l + r) can be derived in Fig. 11. Results in

Fig. 11 show that the erosion rate is proportional to δ
√

(l + r). It can be drawn from
Eq. (3) that the diffusion coefficient in the steady state is equal to the slope of this curve
in Fig. 11 and keeps constant with any fracture aperture. In other words, the diffusion
coefficient is independent of facture aperture and thus, the erosion rate in the steady state
would only increase with increasing fracture apertures and intrusion distances.

Fig. 11. Relationship between final erosion rate between and δ
√

(l + r) after 60 days

4.3 Influences of Intrusion/erosion on the Mass Loss of Specimens

According to Fig. 6 (b), the mass loss ratio of specimens by erosion could be calculated
and was plotted versus time in Fig. 12. It appears in Fig. 12 that the mass loss ratio by
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erosion with a fracture aperture of 0.5 and 1.0 mm increased quickly but then followed
by an obvious reduction in the increase rate after 15 days, which has a good agreement
with that in the erosion curve (Fig. 6 (b)). Meanwhile, the evolution of mass loss ratio
of specimens by intrusion with time could also be determined by the difference between
total mass loss ratio of specimens (Fig. 7) and that by erosion (Fig. 12). Results in Fig. 12
show that the mass loss ratio by intrusion with a fracture aperture of 0.5 and 1.0 mm both
started with a significant increase and then reached a stable value after 15 and 30 days,
respectively. The turning points are consistent with that in the intrusion curve (Fig. 5 (a)).
Moreover, it could also be observed in Fig. 12 that the mass loss ratios of specimens with
a fracture aperture of 0.5 and 1.0 mmweremainly contributed by intrusion before 15 and
30 days, respectively. Subsequently, the specimen mass loss ratios kept on increasing
and would be only dependent on the erosion rate. Indeed, as long as time for erosion is
enough, the mass loss ratios of specimens by erosion may exceed that by intrusion.
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Fig. 12. Evolutions of mass loss ratio of specimens by erosion or intrusion with time foe tests
with a fracture aperture of 0.5 and 1.0 mm

According to Fig. 6 (b), the mass loss ratio of specimens by erosion after 60 days
could be calculated and was plotted versus the fracture aperture in Fig. 13. Results in
Fig. 13 shows that the mass loss ratio by erosion increased with increasing fracture
apertures. Meanwhile, according to Figs. 8 and 13, mass loss ratio of specimens by
intrusion could also be determined. Then, the relationship between mass loss ratio of
specimens by intrusion and fracture aperture after 60 days was depicted in Fig. 13. It
could be observed in Fig. 13 that the mass loss ratio after 60 days by intrusion increased
with increasing fracture apertures. Moreover, the difference between the mass loss ratio
by intrusion and erosion increased with increasing fracture apertures.



884 L. Xu et al.

0.0 0.2 0.4 0.6 0.8 1.0
0

4

8

12

M
as

s 
lo

ss
 r

at
io

 (
%

)

Fracture aperture (mm)

 By erosion

 By intrusion

Fig. 13. Relationships between the mass loss ratio of specimens after 60 days by erosion or
intrusion and fracture aperture

5 Conclusions

In this study, intrusion/erosion tests with a fracture aperture of 0.1, 0.5, 0.75 and 1.0 mm
were conducted with a duration of 60 days. Meanwhile, in order to investigate the
influence of intrusion/erosion behavior on mass loss of specimens, parallel tests with a
fracture of 0.5 and 1.0 mm were repeated with a duration of 5, 15 and 30 days. After all
tests stopped, the mass loss of specimens was measured. According to test results, the
following conclusions could be drawn.

The intrusion distance increased with increasing fracture apertures, leading to the
increase of the width of accessory-mineral ring. However, the accessory-mineral ring
will in turn confine the intrusion, especially with a larger fracture aperture.

For one given fracture aperture, the erosion rate decreased significantly with time
in the early period due to reduction in the diffusion coefficient by the filtration of the
accessory-mineral ring. But when the erosion reached stabilization, the erosion rate
increased with increasing fracture apertures and intrusion distances, irrespective of the
accessory-mineral ring.

The majority of mass loss ratio of specimens was from intrusion in the early period.
But when intrusion reached stabilization, the mass loss ratio of specimen will be mainly
contributed by erosion. Moreover, the mass loss ratios of specimens after 60 days by
intrusion and erosion both increased with increasing fracture apertures. The difference
between the mass loss ratio by intrusion and erosion increased with increasing fracture
apertures.
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Abstract. The lack of fast neutron irradiation test equipment is a key practical
factor that restricts the development of the new generation nuclear energy technol-
ogy with fast reactor as the core in China. Scarce isotopes such as californium 242,
which are urgently needed in industry and medicine, are also highly dependent
on imports. In order to provide a fast reactor material irradiation environment and
isotope production environment, significantly accelerate the development of fast
reactor fuel and structural material technology, and improve the efficiency of rare
isotope production, this paper proposes a multifunctional inherently safe ultra-
high flux reactor design with fast/thermal neutron flux levels up to 1016 n/(cm2.s),
namely UFR-1016. The neutron energy spectrum covers fast spectrum, superheat
spectrum and thermal spectrum; several material irradiation test orifices, isotope
production orifices and test loop orifices are arranged in the core, and the test loop
supports many new reactor coolants such as H2O, Na, He, He-Xr, molten salt,
etc., and supports the simulation of typical transient processes and accident con-
ditions. This paper discusses the overall construction scheme of the reactor, and
the current construction scheme shows that each performance index can meet the
target requirements and achieve the expected functions while ensuring the safety
performance of the reactor. This study can provide a basis for the development of
ultra-high flux reactors and provide strong support for the cause of nuclear energy,
nuclear technology, and nuclear medicine in China.

Keywords: Ultra-high flux · Research reactor · Fast reactor · UFR

1 Introduction

The research and development of cleaner, more efficient, and safer new nuclear energy
systems is of great significance to the sustainable development of nuclear energy, and
the performance of nuclear fuel and structural materials, especially their irradiation
performance, has always been an important basis for the development of new nuclear
energy systems. The irradiation experiment of materials is mainly carried out in the
research reactor. The irradiation test ability of the research reactor is mainly determined
by the neutron flux level. The higher the neutron flux level, the faster the irradiation test
of materials and shorten the research and development cycle of materials.

The construction of high-flux reactors is of great benefit to the entire nuclear energy
field. In the 1960s, thermal spectrum and fast spectrum research reactors were built and
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put into use in various countries around the world. In terms of thermal spectrum research
reactors, Russia and Belgium have built high-flux research reactors SM-2 [1] and BR-2
[2] respectively, and the United States has built HFIR [3] and ATR [4]. Among them, the
HFIR thermal neutron flux is about 2.5 × 1015 cm−2s−1, which is one of the research
reactors with the highest steady-state thermal neutron flux. Most of the 252 Cf in the
world comes from here; the ATR thermal neutron flux is about 1 × 1015 cm−2s−1, with
a power level of 250MW, is one of the research reactors with the highest power level and
has a strong material irradiation capability. In terms of fast-spectrum research reactors,
Russia’s BOR-60 [4] has not yet been retired, and the United States’ EBR-II [6] and
FFTF [7] were retired in the 1990s for political and economic reasons, but also has left
quite a wealth of experience and relativelymature technology toAmerican fast-spectrum
reactors (especially sodium-cooled fast reactors). The development of high flux research
reactors in China is relatively late compared to other countries. The thermal spectrum
research reactor HFETR [8] was critical in 1979, and the fast spectrum research reactor
CEFR [9] was critical in 2010.

In 2002, the International ForumonGeneration IVNuclearEnergySystemsproposed
six priority development ofGeneration IV nuclear energy systems,most ofwhich are fast
reactors. The development of fast reactors is inseparable from the correspondingmaterial
irradiation experiments. However, the existing thermal spectroscopy research reactors
have limited irradiation capabilities, and it is difficult to match the development and
research speed of fast reactors. France started construction of the water-cooled research
reactor JHR [10] in 2007, Russia started the construction of the sodium-cooled research
reactor MBIR [11] in 2015, and the U.S. sodium-cooled fast reactor VTR [12] has also
been put on the agenda. It can be seen that the overall development trend of foreign
research reactors is to develop towards high-flux fast reactors. At the same time, more
advanced irradiation methods are required, such as independent coolant circuits, on-line
monitoring equipment in the reactor, and particle beam pipelines, etc.

Among the fourth-generation advanced nuclear power systems, fast reactor is one
of the most promising reactor types. At present, there is an extreme lack of data on
fast neutron irradiation of reactor materials in China, and there is also a lack of fast
neutron irradiation research reactor. In addition, scarce isotopes such as californium
242, which are urgently needed in industry and medicine, are also highly dependent on
imports. In order to provide fast reactor material irradiation environment and isotope
production environment, greatly accelerate the research and development of fast reactor
fuel and structural materials technology, and improve the production efficiency of scarce
isotopes, this paper proposes a multifunctional intrinsically safe ultra-high flux reactor
design with fast/thermal neutron flux level up to 1016 n/(cm2.s), namely UFR-1016, and
discusses the overall construction scheme.

2 The Design Goals of the Ultra-high Flux Reactor

According to the current demand for research reactors, the overall design goal of
UFR is to cover the fast spectrum, super thermal spectrum and thermal spectrum with
fast/thermal neutron flux up to 1016 n/(cm2.s); A number of material irradiation test
channels, isotope production channels and test circuit channels are arranged in the core.
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Table 1. Comparison of key parameters

VTR MBIR JHR PIK UFR

Power/MW 150–300 150 100 100 200

Type SFR SFR LWR LWR LFR

Neutron
spectrum

Fast Fast Thermal Thermal Fast

Neutron Flux
n/cm2.s

4.0 × 1015 5.3 × 1015 1.0 × 1015 4.5 × 1015 1.0 × 1016

Coolant Na、He
、Pb-Bi、Pb
、molten salt

Na、He
、Pb-Bi、Pb
、molten salt

light water,
gas

light water,
gas

Na、Pb-Bi
、Pb、molten
salt、light
water、CO2
、He

Loop
Number

3 3 3 / 3

The test circuit supports many new reactor coolants such as H2O, Na, he, He-Xr, molten
salt, etc., supports the simulation of typical transient processes and accident conditions,
and meets the strong needs of radiation test and performance test of nuclear fuel and
materials, transient and typical accident simulation. The ultra-high-flux multi-function
reactor is facing the frontier of world science and technology, and aims to surpass the
comprehensive research facilities such as the VTR under construction in the United
States and the MBIR under construction in Russia. The key parameters are shown in
Table 1.

3 Ultra-high Flux Reactor Construction Scheme

The overall construction plan of the research reactor includes: a key system, namely,
ultra-highflux inherently safe nuclear reactor system;Three large-scale test loop systems,
namely, advanced nuclear fuel and material steady-state test loop (coolant could be
Na, Pb, Pb Bi, CO2, He, H2O, etc.), reactor transient behavior simulation test loop
(through radial movement, realize rapid and controllable adjustment of fuel power, and
carry out research on transient characteristics of fuel elements under the conditions of
power jump, load follow, reactivity introduction, etc.) and accident simulation test circuit
(meet the functional requirements of operating condition simulation, triggering of the
accident condition, accident mitigation, fuel failure and fission product monitoring); A
neutron science experiment platform, which can provide horizontal channels of neutron
beamswith different energies;Carry out experimental research on irradiation andneutron
activation of small-size materials. Figure 1 shows the general layout of ultra-high flux
reactor. The construction schemes of these systems will be discussed below.
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Fig. 1. Schematic diagram of Ultra-high flux reactor

3.1 Inherent Safety Nuclear Reactor System Scheme of Ultra-high Flux Reactor

Table 2 shows the overall design parameters and design choices of the intrinsically safe
nuclear reactor system of ultra-high flux reactor. The rated thermal power of the reactor
is set at 200 MW, and the refueling cycle is 90 days. Lead-bismuth eutectic (LBE) is
selected as the core coolant, which has good neutron physical properties, thermophysical
properties and chemical properties. The reactor core is arranged as an atmospheric pool
with a height of 450 mm, a temperature of 165/350 °C at the inlet and outlet of the
core, and a maximum coolant flow rate of 4.0 m/s. As for the selection of the fuel,
considering the characteristics of the core, such as high fast neutron flux, hard neutron
energy spectrum and high power density, the U-Zr metal fuel with high U density,
few moderating elements and good heat conduction is selected, zirconium alloy with
excellent neutron property,mechanical property and irradiation property is a good choice
as cladding material.

Table 2. Overall design parameters

Parameters Value

Rated Power 200 MW

Core arrangement atmospheric pool

Coolant LBE

Fuel U-Zr metal fuel

Cladding Zirconium alloys

Height of active zone 450 mm

Core Inlet Temperature 165 °C

Coolant max velocity 4.0 m/s

Reload cycle 90 EFPD

The natural circulation of coolant in the circuit is sufficient to cool the reactor without
the risk of residual heat export from the reactor core, and the reactor protection vessel is
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arranged in the passive heat conduction system tank filledwithwater. The primary circuit
system mainly includes: reactor core, steam generator module, main pump, and internal
radiation shielding, which is located in the reactor vessel. The secondary circuit system
mainly includes: steam generator module, feedwater and steam pipelines, steam-water
separator, and independent cooler. The LBE coolant is heated by the core, enters the core
outlet chamber and flows out laterally, enters the steam generator from the bottom of the
primary circuit, and is cooled by the secondary loop at the same time. When the coolant
reaches the top of the primary side of the steamgenerator, it turns over and enters themain
pump, and then the coolant is transported by the main pump from top to bottom to the
reactor inlet chamber. The protective gas systemmainly includes: gas system condenser,
membrane safety device, pressure relief device and pipeline. The coolant process system
mainly includes: LBE filling and discharging system, purification system and real-time
online monitoring system, which are used to maintain the quality of LBE in the system
during operation. The safety systemmainly includes reactive accident protection system,
steam generator leakage suppression system, independent cooling system and passive
residual heat removal system. In addition, the refueling system needs to be set up.

Among them, the reactor core is the key part. The layout of the reactor core is shown
in Fig. 2. The high-power density standard fuel assembly is located in the central area,
and the periphery is the shielding assembly. In order to improve the reactivity control
ability and reliability, two kinds of control rod systems with different principles are set
up. The holes for the irradiation test of advanced nuclear fuel andmaterials are located in
the central zone of the core with ultra-high neutron flux. The holes for the nuclear reactor
transient test and the typical accident simulation test are located in the reflector area of the
core. And severalmaterial irradiation test holes are set in the high-power density fuel area
and emitter area of the core. Several horizontal and vertical experimental channels are
set in the radial direction of the reactor (mainly used for neutron scattering experiments,
neutron photography and other basic research of Neutron Science).

Large size test loop

Resonant neutron trap
Irradiation channel of 
reflector layer

Irradiation test position of 
materials outside the 
reactor

Fig. 2. Schematic diagram of the core layout

In order to improve the power density of the reactor core and reduce the problem of
fuel core, considering the swelling of fuel elements caused by axial and radial temper-
ature differences, irradiation and other factors, and referring to the design ideas of fuel
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elements of European JHR, China’s HFETR and other test reactors, the standard fuel
assemblies in the high-power density area of the reactor core initially adopt the narrow
rectangular fuel elements shown in Fig. 3. The core adopts high-performance U-10Zr
metal fuel with an U235, enrichment of 64.4%., and the cladding material adopts T91.

Fig. 3. Narrow rectangular fuel assembly

In terms of thermal design criteria, due to the high boiling point of LBE, it is very
difficult to boil, and the design criteria related to boiling threshold do not need to be
considered. It is only necessary to consider operating temperature limits of the core and
integrity requirements design limits of the cladding.

For narrow rectangular fuel elements, there is usually no gap to contain fission gas.
In order to avoid the fission gas causing the fuel rod to swell and burst, the temperature
of the fuel is usually limited to a certain range.

For U-Zr alloy fuel, the fuel temperature should be lower than 560 °C. In order to
maintain the integrity of the cladding, the coolant flow rate outside the fuel cladding and
the maximum temperature on the outer surface of the cladding shall be limited. Among
them, considering the heat carrying capacity of lead bismuth per unit volume, the coolant
flow rate limit is relaxed to 4 m/s. The maximum temperature of the outer surface of the
cladding is still limited to below 550 °C. In the design process, the flow heat transfer
model of the coolant channel refers to the previous research results [13–15].

Based on the overall design objectives and criteria, after repeated demonstration, the
core design parameters are shown in Table 3, and the results show that it meets the core
neutron flux requirements.

3.2 Advanced Nuclear Fuel and Material Irradiation Test Loop System

In order to speed up the research on the radiation mechanism of advanced nuclear fuels
and materials, three forms of nuclear fuel and material irradiation tests can be carried
out on ultra-high flux reactors, including static container irradiation test, instrumented
irradiation test and loop irradiation test. Among them, the loop irradiation test can accom-
modate nuclear materials or fuels with large heat release and scaled fuel components
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Table 3. Core design parameters

Value Units

Power 200 MW

Fuel Assembly number 56

Diameter 954.33 mm

Active height 450.00 mm

Pitch 83.70 mm

Power density 1132.87 MW/m3

Uranium quality 400.16 kg

U-235 quality 279.83 kg

Upper reflector 400.00 mm

Lower reflector 400.00 mm

Total length 1450.00 mm

Flow direction upward

Coolant velocity 4.00 m/s

Coolant flow rate 10609.91 kg/s

Inlet temperature 165.00 °C

Outlet temperature of active zone 293.84 °C

Maximum fast neutron flux ≥ 1.0 × 1016 n/cm2.s

and cladding materials requiring irradiation under actual operating conditions. The most
significant advantage is that it can simulate the actual thermal hydraulic environment and
hydro chemical environment, and accurately monitor and control irradiation parameters.
This is one of the most complex and important test devices. The loop device is located
in the center of the nuclear reactor and has ultra-high fast neutron flux. According to
the different test tasks, the coolant can choose Na, Pb, Pb Bi, CO2, he, etc., and the
inlet and outlet temperature can be adjusted according to the coolant type to meet the
requirements of rapid screening and performance testing of advanced nuclear energy
materials and nuclear fuel samples.

The loop device has an independent coolant circuit, which can independently control
the coolant parameters in the device, such as pressure, temperature, flow rate, chemical
composition, etc., and take away the heat generated by the test piece. By connecting with
the computer control system, the emergency control and alarm functions are realized,
and a variety of irradiation parameters aremonitored online, including flow, temperature,
pressure, differential pressure, fission products and water chemistry. The loop irradia-
tion device needs to occupy multiple core cells, and the empty cell space outside the
irradiation device is filled with special-shaped components (Fig. 4).
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Fig. 4. Advanced nuclear fuel and material irradiation test device

3.3 Nuclear Reactor Transient Behavior Simulation Test Loop System

In order to study the structural integrity andmaterial irradiation behavior of fuel elements
in advanced nuclear power system under transient conditions, the transient behavior sim-
ulation test of nuclear fuel with fast power up and down can be carried out on ultra-high
flux reactor. The loop device is located in the reactor core reflector area and is mainly
used for the power jump experiment in the irradiation environment to realize various
hypothetical irradiation operating conditions for new fuel elements or irradiated fuel
elements, such as power increase experiment, fuel rod internal pressure overpressure
experiment, fuel rod free gas elimination experiment, fuel core melting experiment, etc.
Rapid changes in neutron flux are achieved using device translation and/or He-3 loops,
which in turn rapidly regulate the heat release rate of the test fuel element and its axial
distribution. The loop device also has a separate coolant loop so that the coolant param-
eters in the device, such as pressure, temperature and flow rate, chemical composition,
etc., can be controlled individually and take away the heat generated by the test piece.
The connection to the computer control system enables emergency control and alarm
functions, and online monitoring of a variety of irradiation parameters, including flow
rate, temperature, pressure, differential pressure, fission products and water chemistry.
The coolant circuit also features fission gas collection and is capable of on-line analy-
sis of gas composition, taking into account the leakage of radioactive material after the
breakage of the fuel cladding in transient tests. A fully automatic quick-disassembly joint
is located above the unit to enable remote disassembly and assembly of fuel elements
and to avoid high dose irradiation to the operator.
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3.4 Accident Simulation Test Loop System

This loop device is located in the core reflector region and is mainly used for LOCA
experimental simulations of LWRs to test the thermal-mechanical behavior of fuel ele-
ments and their cladding, and the radioactive consequences in case of breakage in the
event of a LOCA accident at LWRs nuclear power plants.

The loop device is divided into two parts: the internal system and the external system
(compartment). The internal reactor system is partially installed in the channel of the
reflective layer (210 mm in diameter), and the internal reactor system is moved by the
moving device (which can be moved radially by about 0.5 m). Its nuclear power is
controlled by the distance between the fuel rod of the reactor system and the ultra-high
flux multifunctional reactor vessel (close to the reactor system, the power is high, far
away from the reactor vessel, the power is low) and by increasing or reducing the blocks
between them. At the same time, the minimum distance between the mobile device and
the reactor vessel and the blocks are limited to limit the maximum nuclear power. In
addition, the anti-fly-out system is installed on the top of the reactor system and fixed
on the mobile system to prevent the axial movement of the reactor system.

The reactor system is located in a double-layered bottle body made of stainless
steel. The inner layer bottle is a pressure bottle body, which is used to bear the internal
pressure. An air gap is formed between the inner and outer bottle bodies, which is filled
with helium gas for thermal insulation. The flow separation tube is located in the inner
bottle, forming two concentric channels, the hot channel surrounding the fuel sample, and
the cold channel between the separation tube and the inner bottle. Thus, thermosiphon
can be established to ensure fuel rod cooling before LOCA transient starts. The flow
separation tube is integrated with the surrounding heater to form an adiabatic condition
for the fuel in the adiabatic stage. The gap between the support structure of the in-reactor
system and the outer bottle body forms a cooling channel, and the pump is used to provide
forced circulation. The neutron shield (hafnium) is fixed on the inner side of the support
structure of the in-reactor system to flatten the axial neutron flux. The test instruments
are used to measure temperature and pressure.

The external reactor system (compartment) is connected to the internal system by
cables. The main function of the external system is to ensure the initial structure of
the internal system loop to control the emptying and re-flooding phases. The in-reactor
system is connected to the fission product laboratory, where the contaminated fluid will
be contained, analyzed and partially sampled during the final phase of the test. The
sampling line at the bottom will be for water, while the top is for gas. The external
reactor system (compartment) are also used to store contaminated gases and liquids
(from the fission product laboratory), and the fluids will be stored in different containers
depending on the level of contamination.

3.5 Neutron Science Experiment Platform

The device is located in the external area of the reactor, which is mainly used for neutron
photography of highly reflective nuclear fuel elements, materials and large-scale equip-
ment, analyzing its internal organization structure, and providing basic data for mate-
rial performance evaluation and modification. The reactor horizontal channel provides
neutron sources to the device.



896 X. Zhang et al.

The cooling pool outside the reactor provides a measurement environment that is
closer to the operating parameters for the study of the behavior of nuclear materials in the
reactor. Under this condition, the camera platform for highly radioactive materials has
its unique advantages. Due to the difference in the interaction characteristics of neutrons
and photons with matter, neutrons are sensitive to light materials, fissile materials and
strong absorbing materials, while photons are sensitive to heavy materials; the attenu-
ation of neutrons in matter is much smaller than that of photons, which is beneficial to
Photography of heavy samples. Therefore, the neutron photography platform and the
photon photography platform complement each other and have good complementarity
in material detection.

The platform is located in the reactor pool and is used for neutron photography of new
fuel and irradiated nuclear fuel with strong radioactivity. In order to achieve the neutron
detection of large samples, indirect neutron imaging based on wedge-shaped neutron
beam is adopted, and water provides effective neutron shielding for the photography
platform. The underwater neutron and photon photography platform can meet the load-
bearing requirements of most samples, which can not only realize rapid imaging of
short-lived nuclides in irradiated samples, but also grasp the distribution of nuclides
in the samples (such as distribution of special nuclides in fuel rods). Under the three-
degree-of-freedom spatial motion adjustment of the sample holding mechanism, γ-ray
passive tomography imaging of samples of any shape can be realized. In order to achieve
different scanning effects, various shapes and types of gamma-ray front-end collimators
are preset. Since the collimator penetrates the reactor pool wall, it is necessary to set
up a shielding structure at the corresponding position outside the pool wall to achieve
effective protection for devices and staff.

4 Conclusion

This paper proposes an ultra-high flux research reactor and discusses the reactor con-
struction scheme, including the nuclear reactor system scheme and the design of each
test loop. After demonstration and design, on the premise of ensuring the safety per-
formance of the reactor, each performance index can meet the target requirements and
achieve the expected functions:

1) It can build a high-intensity, fast neutron spectrum and high-energy neutron field
irradiation testing environment for the research and development of nuclear fuels
and materials for the next generation and future advanced nuclear power systems,
fusion reactors and other new reactors;

2) It can significantly shorten the irradiation test time of nuclear fuel and nuclear mate-
rials, and improve the research and development efficiency of new nuclear fuel and
nuclear materials; It can realize the deep depletion of nuclear fuel, and effectively
meet the basic theoretical data required by researches such as closed fuel cycle and
nuclear fuel transmutation theory;

3) It can significantly improve the industrial production capacity and efficiency of 238
Pu, 252 Cf and other high value-added or scarce isotopes;

4) It can provide a more powerful, stable, continuous horizontal neutron beam that can
be used for neutron scientific research;
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5) It can provide the super-strong neutron field required by the fuel element to realize
the step change of power for simulation experiments such as transient behavior and
typical accidents of nuclear power plants.
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Numerical Simulation of Convective Heat
Transfer of CO2 in a Tube Under Supercritical

Pressure at Low Reynolds Numbers

Zhihui Li(B)

State Power Investment Corporation Research Institute, Beijing, China

Abstract. The supercritical carbon dioxide (S-CO2) Brayton cycle has the advan-
tages of compact layout, simple structure, high thermal efficiency, clean working
quality, its application in lead-cooled fast reactor power conversion system helps
the miniaturization and modularization of the whole system. The development of
an efficient and compact supercritical CO2 heat exchanger has important reference
significance for improving the thermal efficiency of the system of lead-cooled fast
reactor. Supercritical CO2 can operate in high Reynolds number turbulence and
low Reynolds number turbulence in heat exchanger. The convective heat transfer
of supercritical pressure CO2 flowing upward and downward in a vertical circular
tube (d = 2 mm) at low inlet Reynolds number (Rein = 1970) was numerically
simulated by different turbulence models to study the effects of variable proper-
ties, buoyancy and thermal acceleration on wall temperature and turbulent kinetic
energy. The results showed that the heat transfer deterioration and enhancement
occurred at the entrance of the heating section during the upward flow, which was
mainly attributed to the influence of buoyancy and heat acceleration on the turbu-
lent kinetic energy distribution. The LB turbulence model was used to simulate
the heat transfer phenomenon, which was occurred in the downward flow.

Keywords: Supercritical Pressure · Buoyancy · Thermal Acceleration · Heat
Transfer Deterioration · The Numerical Simulation

1 Introduction

In recent years, researchers at home and abroad have proposed to use supercritical CO2
Brayton cycle in the power cycle system of the fourth generation reactor (lead-cooled fast
reactor) and the energy production of solar energy system [1, 2]. The advantage of this
cycle is that the whole cycle will not undergo phase change. Compared with supercritical
water, supercritical helium and other circulating refrigerants, supercritical CO2 has the
advantages of high density and large specific heat, which helps to simplify the cycle
process and reduce the size of the whole cycle. The development of a high efficiency
and compact supercritical CO2 heat exchanger has important reference significance for
improving thermal efficiency of the lead-cooled fast reactor power cycle system.

© The Author(s) 2023
C. Liu (Ed.): PBNC 2022, SPPHY 283, pp. 898–908, 2023.
https://doi.org/10.1007/978-981-99-1023-6_76

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-1023-6_76&domain=pdf
https://doi.org/10.1007/978-981-99-1023-6_76


Numerical Simulation of Convective Heat Transfer of CO2 899

Supercritical CO2 can operate in highReynolds number turbulence and lowReynolds
number turbulence in heat exchanger. Domestic and foreign scholars have carried out
a lot of experimental research and theoretical analysis on the turbulent flow of super-
critical pressure fluid at high Reynolds number [3–7], but there are few studies on the
turbulent mixed convection heat transfer in this small structure heat exchanger at low
Reynolds number. Therefore, in this paper, the turbulent mixed convective heat transfer
of supercritical CO2 under the condition of low Reynolds number in a tube with an
inner diameter of 2 mm is numerically simulated and compared with the experimental
results. The effects of variable physical properties, buoyancy and thermal acceleration
on flow and heat transfer are analyzed to provide theoretical guidance for the design of
supercritical CO2 heat exchanger.

2 Physical Model and Governing Equation

The physical model and coordinate system are shown in Fig. 1. The origin of the coor-
dinates is the center point of the supercritical pressure CO2 at inlet section. The axial
coordinate x axis is the same as the flow direction, and the radial coordinate r axis is
perpendicular to the flow direction and points to the pipe wall. The physical model used
for numerical calculation is the same as the material and size of the experimental section
in the experiment [8]. The experimental section has an inner diameter of 2.0 mm, an
outer diameter of 3.14 mm and a length of 500 mm. In the middle is a heating section
that is directly energized, with a length of 290 mm. As the resistivity changes with tem-
perature during the experiment, the local heat flux density is not completely uniform, but
its unevenness does not exceed 1%. Therefore, in the process of numerical calculation,
it can be regarded as a uniform internal heat source qv. There are 105 mm long inlet
and outlet sections at both ends of the heating section. The material of the experimental
section is stainless steel, and the thermal conductivity constant is 16.38W/m.k. This is a
coupled problem of heat conduction and convection. Since the convection heat transfer
of supercritical pressure CO2 in a vertical circular tube is symmetrical, in the process of
numerical calculation, half of the circular tube is taken for two-dimensional calculation
for convenience. The whole flow is axisymmetric two-dimensional steady flow.

Governing equations in cylindrical coordinates are as follows:
Heat conduction equation:
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Momentum equation in U direction:
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Momentum equation in V direction
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Energy equation:
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The control equations are discretized by the control volume integral method using
the ANSYS FLUENT software for numerical calculation. In discretizing the equations,
the fluid region and the solid wall region adopt the uniform grid in the axial direction, the
non-uniform grid in the radial direction, and the pressure velocity coupling is carried out
by the SIMPLEC algorithm. Themomentum equation and the energy equation first adopt
the first-order upwind scheme, and then change to the second-order upwind scheme after
reaching convergence, and then iterate until convergence. For the numerical turbulence
models, LB, LS andRNG, standard and realizable turbulencemodels with enhancedwall
function method are used in this paper. Due to the drastic changes in physical properties,
relaxation factors in the range of 0.1–0.3 are used for all independent variables. In order
to ensure the grid independence, a relatively precise grid is divided near the wall during
the calculation process. Through adaptive grid adjustment, the condition y + < 0.6 is
satisfied to obtain an approximate grid independent solution. When all variables meet
the following criteria, the numerical solution is considered to be convergent.

∣∣∣(φi+1 − ϕi
)
/φi

∣∣∣ ≤ 10−6 φ,U ,V ,T , ε

Figure 2 shows the physical properties change of supercritical CO2 at the pressure
of 8.8 MPa. Because the pressure difference between the inlet and outlet of the vertical
circular pipe is very small, the change of CO2 physical properties with pressure has
little impact on the results. Therefore, the physical properties of CO2 in the circular pipe
are selected as the corresponding physical properties under different inlet pressures,
and the change of physical properties with temperature is processed by piecewise linear
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Fig. 1. Physical model and coordinate system

interpolation. After verification, the maximum deviation between the processingmethod
and the physical property value calculated by NIST is not more than 1%.

The boundary conditions of numerical calculation are selected according to the
boundary conditions of experimental conditions. The boundary conditions at the inlet
are the velocity inlet boundary conditions of uniform incoming flow. At the same time,
given the inlet temperature, the boundary conditions at the outlet are the pressure outlet
boundary conditions. The heating section of the experimental section is a solid wall with
internal heat source, and the boundaries of the rest are adiabatic boundary conditions.
Coupled solution of heat conduction in solid wall and convection heat transfer in fluid
region.

Fig. 2. CO2 Physical properties at the pressure of 8.8 MPa

3 Effects of Buoyancy and Thermal Acceleration on Flow and Heat
Transfer

In this paper, Bo* number proposed by Jackson hall [5] is used to evaluate the effect of
buoyancy on flow and heat transfer. The experimental conditions taken in this paper are
calculated as Bo* > 8 × 10−6, indicating that the buoyancy force has a great influence
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and are located in the area where the turbulent kinetic energy is enhanced. See literature
[9]. The effect of thermal acceleration on flow and heat transfer is evaluated by the
kV number proposed by McElicott [10]. Murphy [11] believes that when Kv > 9.5 ×
10−7, the turbulent kinetic energy is restrained and the heat transfer is deteriorated due
to thermal acceleration. Through calculation, the experimental conditions calculated in
this paper are greater than this value at the entrance of the heating section, indicating
that the thermal acceleration has a great impact.

4 Calculation Results and Analysis

For the convenience of verification, the conditions of numerical calculation are exactly
the same as those of experiment. The inlet pressure is 8.8 MPa, the inlet temperature is
25 °C, the mass flow is 0.77 kg/h, and the inlet Re is about 1970.

Figure 3 shows the comparison between the numerical calculated outside wall tem-
perature and the experimental results for upward flow under three heat flux conditions.
Different turbulence models are used in the calculation. It can be seen from the figure
that local wall temperature peaks and valleys occur at the inlet of the pipe when flowing
upward, that is, local heat transfer deterioration and heat transfer enhancement occur, and
this phenomenon becomes more obvious with the increase of heat flux. The heat transfer
enhancement and heat transfer deterioration at the inlet of the tube are mainly attributed
to the changes of thermal physical properties and turbulent kinetic energy caused by
buoyancy and thermal acceleration. The later part of this paper will be explained in
detail as shown in Figs. 5 and 6. The maximum deviation between the experimental
results and the calculated results is 5.6%, 15%, 10% respectively.

The LB turbulence model with low Reynolds number can simulate this kind of heat
transfer phenomenon well. At the same time, the wall temperature calculated by the
turbulence model at the inlet of the pipe is in good agreement with the experimental
results, indicating that the flow at the inlet has been in a turbulent state.

Figure 4 shows the comparison between the numerical calculated outer wall tempera-
ture and the experimental results when flowing downward under similar conditions. Due
to the limitation of convergence, RNG, realizable and standard turbulence models are
used in the calculation. It can be seen that the calculated results using RNG turbulence
model are in good agreement with the experimental results when the heat flux is low.
While the calculated results using realizable and standard turbulence models are in good
agreement with the experimental results at the rear half of the pipe when the heat flux is
high. It may be that the choice of turbulence model is related to heat flux which needs
to be further studied. The wall temperature rises continuously along the flow direction,
and there is no abnormal distribution phenomenon in the upward flow. The maximum
deviation between the experimental results and the calculated results is less then 2%.
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Fig. 3. Comparison of calculated and experimental outsidewall temperatures on upward flow. qw,
W/m2: (a)—7 926; (b)—13182; (c)—19933 �—Experimental values; Solid line—LB; Dashed
line—RNG; Dot line—LS

Figure 5 shows the comparison of turbulent kinetic energy at r/R = 0.9 calculated
by LB model with and without buoyancy under the three heat flux conditions on upward
flow and downward flow. It can be seen from the figure that: (1) the turbulent kinetic
energy of upward flow and downward flowwith buoyancy considered is higher than that
without buoyancy considered, indicating that buoyancy enhances the turbulent kinetic
energy of upward flow and downward flow, which is consistent with the experimental
results; (2) The turbulent kinetic energy of downward flow is significantly higher than
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Fig. 4. Comparison of calculated and experimental outside wall temperatures on downward flow.
qw, W/m2: (a)—7 832; (b)—13065; (c)—19878. �—Experimental values; Solid line—RNG;
Dashed line—Standard; Dot line—Realizable

that of upward flow (except for local positions), indicating that the buoyancy force has
a stronger effect on heat transfer enhancement of downward flow than upward flow; (3)
When flowing upward, the turbulent kinetic energy begins to decrease to 0 at the inlet
of the tube for a short distance, and the heat transfer deteriorates. This may be because
the physical property change and thermal acceleration lead to the weakening effect of
the turbulent kinetic energy being greater than the enhancement of the turbulent kinetic
energy caused by the buoyancy, which will be discussed further below. Later, due to
the physical property change and the weakening of the thermal acceleration effect, the
buoyancy force changed the flow from laminar flow to turbulent flow again. At a certain
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position of the pipe, the turbulent kinetic energy increased sharply, and the corresponding
wall temperature appeared a valley as shown in Fig. 5, that is, the heat transfer appeared
local enhancement; (5) The turbulent kinetic energy in downward flow rises continuously
along the path, and there is no abnormal change in upward flow. This may be because
the effect of buoyancy on the enhancement of turbulent kinetic energy is stronger than
that caused by variable physical properties and thermal acceleration.

Fig. 5. The change of turbulent kinetic energy under the action of upward, downward and no
gravity (R/R = 0.9). qw, W/m2: (a)—7 832; (b)—13065; (c)—19878 Solid line—LB(upward);
Dashed line—LB(g = 0); Dot line—LB(downward)

Figure 6 shows the axial distribution of turbulent kinetic energy at the radial position
r/R= 0.9 obtained by considering the density change and all physical parameterswithout
considering the buoyancy force. LB turbulence model is used in the calculation. It can be
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Fig. 6. Variation of turbulent kinetic energy without buoyancy (r/R= 0.9) qw,W/m2: (a)—7926;
(b)—13182; (c)—19933 Solid line—Consider only changes in density; Dashed line—Change of
all physical parameters

seen that at the inlet of the pipe, the change trend of turbulent kinetic energy obtained by
considering only the change of density and all physical parameters basically coincides,
and both decrease to 0, That is, laminar fluidization occurs in turbulence. We know that
the thermal acceleration is mainly caused by the axial fluid density difference, which
can further explain that the heat transfer deterioration at the pipe inlet in the upward flow



Numerical Simulation of Convective Heat Transfer of CO2 907

is mainly caused by the thermal acceleration, which is also in good agreement with the
experimental results.

5 Conclusions

(1) LB turbulence model can better simulate the local wall temperature peaks and
valleys of upward flow at low Reynolds number, while RNG turbulence model can
better simulate the wall temperature of downward flow.

(2) The enhancement effect of buoyancy on downward flow heat transfer is greater than
that of upward flow.

(3) The local heat transfer deterioration and enhancement in the upward flow and the
heat transfer enhancement in the downward flow are mainly due to the influence of
buoyancy and thermal acceleration on the turbulent kinetic energy.

(4) For the design of supercritical CO2 heat exchanger of lead-cooled fast reactor,
the subsequent research on convective heat transfer under higher pressure and
temperature will be carried out in the future.
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Abstract. The Computational Fluid Dynamics (CFD)-based thermal-hydraulics
and safety analyses of Lead-based Fast Reactor (LFR) have attracted great atten-
tions in recent years. Commercial CFD tools have been widely used in the 3D
simulations of pool-type reactors owing to their powerful abilities in geometric
modeling and meshing. Compared with the commercial CFD tools, OpenFOAM
is a free open-source CFD code, which is more flexible to perform multi-physics
coupling activities. In this paper, in order to develop a solver for simulating the
coupled flow and heat transfer behaviors of fluid (coolant) and fuel pin in LFR,
the fuel pin Heat Conduction (HC) model was coupled to the modified icoFoam
solver of OpenFOAM. Verifications were conducted by the steady-state coupled
simulation of fluid and fuel pin heat transfer behaviors, comparing with the MPC-
LBE code which has been verified by the benchmarks for LFR fuel pin channel.
The results simulated by the coupled solver proposed in this paper agreed well
with the ones provided by the MPC-LBE code. This study lays a foundation for
the further development of transient safety analysis code for LFR in our future
work.

Keyword: OpenFOAM · IcoFoam · LFR · Multi-physics coupling · Benchmark

1 Introduction

As one of the Generation-IV advanced nuclear energy systems, Lead-based Fast Reactor
(LFR), has appealed to many international research institutions owing to its excellent
inherent safety and nuclear sustainability [1]. The Lead Bismuth Eutectic (LBE) coolant
employed in LFR with special characteristics (such as better heat conduction) different
from the water (conventional coolant), as well as its integrative pool-type configuration
may give rise to complicated three-dimensional thermal hydraulic phenomena in the
large space plenum, such as thermal stratification and coolant mixing [2], making the
thermal-hydraulics and safety problems of LFR always the research highlights. Com-
putational fluid dynamics (CFD)-based commercial programs for simulating, owing to
its mature technologies (plentiful models and algorithms) as well as the powerful pre-
processing (modeling and mesh generation of complex geometric structures) capability,
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is considered as an effective method to overcome the multi-dimensional complicated
thermal hydraulic problems involved in the liquid metal pool-type reactors [3].

At present, some commercial CFD tools, such as ANSYS Fluent, Star-CCM +
, ABAQUS, have been widely used for simulations of liquid metal pool-type reactors,
particularly themulti-scale coupling simulationswith other reactor core physicalmodels.
For example,GuZ. developed an advanced two-dimensional fuel pin heat transfermodel,
then integrated it with the self-developed PKmodel intoANSYSFluent to conductmulti-
physics coupling [4]. Deng J. developed a three-dimensional transient nuclear thermal
coupling solution program based on OpenFOAMplatform [5]. Narayanan developed the
numerical models that deal with lead thermal hydraulics and solidification with ANSYS
Fluent and Star-CCM + software [2].

As we summarized above, CFD tools are popularly used for multi-physics coupling
simulation on liquid-metal-cooled reactors, but such commercial CFD programs are
incapable to conduct the advanced coupling algorithms due to their closed source codes.
OpenFOAM, as a free open-source CFD code, has a unique advantage of direct contact
with the source code of existing solvers, making it relatively convenient for us to develop
a new solver by modifying its source code from existing solver to vitally design its core
computing functions.

In order to conduct the multi-physics coupling simulation with a high degree of
customization based on complex coupling algorithms, a solver for simulating the coupled
flow and heat transfer behaviors of fluid (coolant) and fuel pin in LFR was developed,
and the fuel pin HC model was coupled to the modified icoFoam solver of OpenFOAM
in this study. Verifications were conducted by the steady-state coupled simulation of
coolant and fuel pin heat transfer behaviors, comparing with the MPC-LBE code which
has been verified by the benchmarks for LFR fuel pin channel [6]. The simulation results
agree well with the results provided by the MPC-LBE code, which shows the feasibility
and accuracy of the solver.

2 Coupling of HC Code with Modified IcoFoam Solver

For LFR, the fuel pin channel consists of a slender cylindrical fuel pin and LBE coolant.
Especially, the fuel pin constitutes of a centra hole, pin fuel pellet made of mixed oxides
of uranium and its proliferator plutonium, gas plenum filled with Helium (under high
pressure) and cladding mainly made of Zr-4 alloy. All the features above can be found
in the benchmark reports [7].

2.1 CFD-Based Modifications of IcoFoam Solver

The new solver developed in this paper is based on the icoFoam solver of OpenFOAM,
which can simulate the laminar flow by solving the incompressible Newtonian fluid N-S
equations shown in Eq. (1) with the finite volume method.

∂ρU
∂t

+ ∇ · (ρUU) = ρg − ∇p + ∇ · (μ∇U) (1)

In icoFoam, the fluid flow model is simplified by the neglect of gravity as well as
the assumption of constant fluid density and kinematic viscosity. As shown in Fig. 1, the
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coupling solution of velocity and pressure, based on the simplified N-S equations and
continuity equations, is obtained by using the transient PISO algorithm.

Fig. 1. Coupling solution of velocity and pressure

However, icoFoam is incapable of simulating the heat transfer phenomena in fluid
(coolant) region due to the neglecting of energy conservative equation for fluid. To
conduct the simulation coupled flow and heat transfer behaviors in coolant region, cor-
responding energy equation containing the heat source term, shown as Eq. (2), is added
to icoFoam source code.

∂ρLBEcp,LBETLBE
∂t

+∇ · (
ρLBEcp,LBETLBEU

) = ∇ · (λLBE∇TLBE) + qV (2)

The velocity-based solution of energy conservative equation using the existing solver
in OpenFOAM, is carried out after the coupling solution of velocity and pressure, as
shown in Fig. 2.

Fig. 2. Velocity-based solution of temperature

What’s more, the new variables involved in this new equation, such as temperature,
specific heat, conductivity etc., indispensably need to be added to the solver as mesh-
based variable fields just, which is similar to the pressure and velocity. Meanwhile, these
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newly added variable fields should be defined and initialized in include files, source code
and running environment, including internal meshes and boundary conditions.

In particular, with the consideration of temperature changes caused by the energy
change in coolant channel, it should be noted that most of the coolant parameters (den-
sity, conductivity, kinematic viscosity) are no longer constants as before but variables
changing with temperature, whose calculation formulas can be obtained in detail from
the benchmark reports [7]. Consequently, it is necessary to calculate then update these
variables as feedbacks to correspondingmesh-based variable fields after the temperatures
are solved in each time-step. In this paper, as shown in Fig. 3, only the kinematic viscos-
ity (involved in N-S equations), density and conductivity (involved in energy equation)
are regarded as variables with the feedbacks from continuous update.

Fig. 3. Mesh-based variable fields update

2.2 Coupling Strategies with HC Code and Modified IcoFoam Solver

Themodified icoFoam can simulate both the flow and heat transfer phenomena in coolant
region, a three-dimensionalmesh systembased onOpenFOAM, after theworkswe did in
the last section. As for the fuel pin region, its heat conduction process can be described by
using the fully implicit finite volumemethod to discretize then solve theHeat-Conduction
Equation in fuel pin sub-mesh system based on two-dimensional cylindrical coordinate
system, which is already in our previous research work [4].

Through the convective heat transfer process at the interface (cladding outer surface)
between fuel pin and LBE coolant, the heat transfers in these two regions are coupled
as each other’s dynamic boundary conditions with the explicit calculating strategy as
shown in Fig. 4.

Firstly, the average convective heat transfer coefficient and average coolant temper-
ature at specific axial position are provided to the fuel pin heat transfer module within
the same axial position after the temperatures are solved in each time-step. Especially,
the calculations of these two average variables are conducted by modifying icoFoam
source code.

After that, the fuel pin region gives a heat source to coolant region in return. Gen-
erally, this heat source is transferred in the form of heat flux as a boundary condition,
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Fig. 4. Heat transfer explicit coupling strategy

nevertheless, in this study we tried a new method to conduct this transfer. By the heat
flux calculated in fuel pin region, the power transferred from cladding outer surface to
LBE coolant can be also obtained, which is applied to the meshes at the inner wall of
coolant channel as its volume power density (external heat source). Many mesh related
parameters need to be obtained then used for calculations above.

Importantly, the fuel pin heat transfer module (HC code) is added after the coolant
module to icoFoam source code based on the integral coupling framework shown in
Fig. 5, so as to realize the coupling calculations in each time-step. These two mod-
ules use the same time-step size (0.02s) to coupled calculate, which has been already
proved that this size of time-step can guarantee numerical stability. In each time-step,
the temperatures of fuel pin module and coolant module are calculated iteratively, until
the calculated time-steps meet the steady-state establishment.

Fig. 5. Integral coupling framework
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3 Verifications on Coupled Solver

3.1 Description and Mesh Generation for Computational Domain

In this paper, only a single fuel pin channel model is considered as the computational
domain, whose composition is shown in Fig. 6 [6].

Fig. 6. Model of fuel pin channel [6]

The computational domain is treated as a hexagon prism by its symmetrical char-
acteristic. For the convenience of calculations of steady-state process, the inlet coolant
temperature and velocity are constantly equal to the initial value, and the heat decay
power is neglected. The geometry data and material properties of the fuel pin channel
can be found with details in the benchmark report [6].

The fluid region in fuel pin channel is only the coolant channel, which is a complex
digging hexagonal prism with a central hole. Therefore, such complicated channel is
meshed by ANSYS instead of the existing meshing tool (blockMesh) of OpenFOAM.
Then, this three-dimensionalmesh system, shown inFig. 7, is imported intoOpenFOAM,
whose quality analysis meets the service conditions.

3.2 Computation Results and Code Verification Compared with the MPC-LBE

The steady state of the fuel pin channel is simulated by using the HC-coupled modified
icoFoamsolver code (coupled solver) developed in this paper. In Figs. 8 and 9, the coolant
temperature spatial distributions, both at the mid-plane and outlet of the coolant channel,
occur the thermal stratification, and the high-temperature heat ring on the inner wall of
coolant channel is thicker, owing to the better heat transfer performance of LBE (liquid
metal) coolant compared with other general coolants (such as water). And it is obvious
that the overall level of the outlet temperature is higher than that of the mid-plane, and
the trend of the former gradually decreasing outward along the radial direction is slower
than that of the latter.

What’s more, as shown in Fig. 10, four axial distribution related temperature curves,
representing the fuel pellet inner surface, fuel pellet outer surface, cladding outer surface
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Fig. 7. Mesh generation of coolant channel

and coolant temperatures (arranged from high to low), are drawn and compared with the
ones by the MPC-LBE code whose feasibility and accuracy have already been verified
[4]. Since the power generated from fuel pellet will heat the coolant channel around
with coolant continuously flowing through the channel, the coolant temperature will
gradually rise during the process from inlet to outlet. Obviously, such good agreements
are achieved in terms of both the trends and values among the results provided by the
HC-coupled modified icoFoam solver code and by the MPC-LBE code [4] in Fig. 10.

Fig. 8. Temperature spatial distribution at mid-plane of coolant channel
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Fig. 9. Temperature spatial distribution at outlet of coolant channel

Fig. 10. Material axial temperature distribution of fuel pin channel at steady state

4 Conclusions

In this paper, a single fuel pin channel model is established for the reactor core of LFR,
so as to analyse the coupled flow and heat transfer behaviors in coolant and fuel pin.
Multi-physics simulation system is built by coupling the fuel pin heat transfer model
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(two-dimensional HC module) to the three-dimensional open-source CFD code Open-
FOAM by its icoFoam. This coupled simulation system for reactor thermal-hydraulics
and safety analyses is abbreviated as the HC-coupled modified icoFoam solver code
(coupled solver), which copes with the key data transmission problems of multi-physics
coupling strategy within the framework of OpenFOAM platform. Mathematics models
and methods as well as the coupling strategy of two modules are elaborated.

Verifications were conducted by the steady-state coupled simulation of flow and
heat transfer behaviors between coolant and fuel pin regions in fuel pin channel of
LFR, including the comparison with the benchmarks-verified MPC-LBE code [4]. The
results simulated by the HC-coupled modified icoFoam solver code proposed in this
paper agreed well with the ones provided by benchmarks-verified MPC-LBE code. It is
testified that the HC-coupled modified icoFoam solver code is capable to perform the
multi-physics simulations involved in thermal-hydraulics and safety analyses of LFR
with enough accuracy.

However, only a simple single fuel pinmodel is considered to preliminarily verify the
basic coupling strategies and schemes of reactor core heat transfer behaviors. Therefore,
the coupling simulation of the whole fuel assembly channel of reactor core should be
further studied in the future work, which can describe the reactor core more carefully
and comprehensively. Meanwhile, for the heat transfer calculation coupled with coolant
and fuel pin regions, the implicit iteration can be considered instead of the explicit
calculating strategy used in this study. All in all, this study already verified the initial
steady state, laying a foundation for the further development of transient safety analysis
code to conduct transient simulation for LFR in our future work.
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Abstract. The Helium Brayton cycle with re-compression has the advantages
of compact layout, simple structure, thermal high efficiency, good heat transfer
characteristics and small friction characteristics, its application in the power con-
version system of the lead-cooled fast reactor and the high temperature gas-cooled
reactor helps the miniaturization of the whole system. In this paper, the mathe-
matical model was established for Helium Brayton cycle with re-compression and
the 100 MWt lead-cooled fast reactor power system was calculated. The effects
of several key factors such as the turbine inlet temperature, the turbine outlet pres-
sure, the high pressure compressor outlet pressure, the low pressure compressor
outlet pressure and the recuperator outlet temperature were analyzed. The results
show that the turbine outlet pressure, the turbine inlet temperature and the high/low
pressure compressor outlet pressure have remarkable effects on thermal efficiency
of the system. Thermal efficiency of the system increases first and then decreases
with the turbine outlet pressure increasing as well as increases with turbine inlet
temperature. The research results of this paper could provide important theoretical
reference both for thermal cycle parameters for 100 MWt lead-cooled fast reactor
and system design of power cycle based on the lead-cooled fast reactor.

Keywords: LEAD-COOLED FAST REACTOR · HELIUM ·
RE-COMPRESSION · BRAYTON CYCLE

1 Introduction

In the traditional nuclear reactor, theRankine steamcycle is used in the energy conversion
system. Because the reactor can only provide saturated steam at about 320 °C, it can not
provide superheated steam at a higher temperature to meet the need of Rankine cycle to
improve efficiency, so the efficiency is relatively low. The lead-cooled fast reactor gas
turbine cycle combines the gas turbine with the modular lead-cooled fast reactor, and
uses the high-temperature gas generated by the lead- cooled fast reactor to directly drive
the gas turbine to do work for high-efficiency power generation. It can break through
the temperature limit of the steam cycle, and use intermediate cooling and regenerative
technologies to improve efficiency, thus becoming an important direction for the study
of high-efficiency power generation of the lead-cooled fast reactor.

The earliest gas-cooled reactor power cycle device combined with helium turbine
began to develop in the late 1960’s. From 1968 to 1981, Germany cooperated with
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the United States and Switzerland to complete the HHT (HTR with helium turbine)
experimental program for the helium turbine power conversion system [1]. The purpose
of the plan was to study the technology of high temperature gas-cooled reactor power
generation with helium turbine, including turbine, compressor, hot gas duct, materials,
heat exchanger and other component technologies.

In the early 1990’s, with the support of the U.S. Department of energy, MIT carried
out the research on modular high temperature gas-cooled reactor (MGR) helium turbine
cycle power plant [2], and proposed two technical schemes, namely direct helium tur-
bine cycle scheme (MGR-GT) and indirect helium turbine cycle scheme (MGR-GTI).
Necsa of South Africa has carried out research on PBWR of pebble bed modular high
temperature gas-cooled reactor [3]. PBWR adopts standard Brayton cycle with closed
water-cooled precooler and intercooler. The United States and Russia cooperated in
the research of GT-MHR [4] and adopted the design of closed Brayton cycle power
conversion system.

In recent years, foreign scholars have carried out a lot of theoretical research on
the scheme and system characteristics of helium turbine cycle system [5–12]. Professor
Wang Jie from the Institute of nuclear energy technology design and research, Tsinghua
University, China [13–15] respectively carried out thermodynamic analysis and opti-
mization calculation for the direct helium cycle, open air cycle and indirect nitrogen
cycle of the high temperature gas-cooled reactor, and carried out aerodynamic design
for the turbine compressor. The results show that helium direct circulation is an ideal
choice, but it is difficult based on the existing technical level. The closed indirect circu-
lation of helium or nitrogen is a relatively realistic scheme at present, which can realize
the idea of gas turbine circulation and accumulate technology for the direct circulation
in the future. State power corporation research institute are carrying out the research on
100 MW lead-cooled fast reactor (BLESS-D) to meet the public’s demand for a safer,
more economical and more environmentally friendly nuclear power system [16–19]. It
is a pool-style reactor with LBE (lead and bismuth eutectic alloy) as the coolant. It is
mainly used to study the key problems and technologies of lead cooled fast reactor, ver-
ify and demonstrate relevant solutions. Among, The thermal power cycle system adopts
different working fluid scheme, such as water, supercritical carbon dioxide, Helium.

In this paper, the thermodynamic calculation of helium re-compressionBrayton cycle
is carried out for 100 MWt lead-cooled fast reactor. The effects of core outlet temper-
ature, turbine outlet pressure, high-pressure compressor outlet pressure, low pressure
compressor outlet pressure and recuperator outlet temperature on thermal efficiency of
the system are analyzed. The design parameters of helium re-compression Brayton cycle
for 100 MWt lead-cooled fast reactor are optimized, which can provide an important
theoretical reference for the design of power cycle system of lead-cooled fast reactor.

2 Helium Brayton Cycle Introduction

2.1 Thermophysical Properties of Helium

Table 1 shows the comparison of thermophysical properties between helium and other
working fluids under standard conditions. It can be seen from Table 1 that, compared
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with other working fluids, helium has the following physical properties: strong thermal
conductivity, large specific heat, small gas density and large is entricity index.

The effects of these special thermophysical properties of helium on the helium
Brayton cycle are as follows:

(1) The gas density is small, so a high circulating pressure is required to increase its
density;

(2) The isentropic index is large, so under the same temperature difference, the pressure
ratio is small, so it is difficult to compress;

(3) The specific heat is large, so under the same temperature difference, the cycle
specific work is large, and the expansion work of the turbine and the compression
work of the compressor are larger than those of other gases.

Helium is very close to ideal gas in the range of 0–1000 °C, 0.1–10 MPa, and its
specific heat and adiabatic index are almost constant. Compared with air, helium has a
higher specific heat (about 5 times that of air), so the compression ratio of helium is small
under the same temperature difference, and the mass flow of helium is small under the
same output power. Helium also has good heat transfer characteristics and small friction
characteristics, which is conducive to improve the efficiency of the heat exchanger and
reduce the volume of the heat exchanger.

Table 1. THE COMPARISONOF THERMO PHYSICAL PROPERTIES BETWEENHELIUM
AND OTHER WORKING FLUIDS (1ATM, 0 °C)

Fluids Thermal conductivity
(W/(m.K))

Density
(kg/m3)

Specific heat
(kJ/(kg.K))

Isentri-ity index

He 0.14 0.17 5.19 1.67

N2 0.02 1.25 1.04 1.4

Air 0.02 1.29 1.06 1.4

CO2 0.01 1.64 0.82 1.3

Ar 0.01 1.78 0.52 1.67

H2 0.16 0.08 14.19 1.41

O2 0.02 1.42 0.92 1.34

2.2 Helium Closed Re-compression Brayton Cycle Process

There are many specific circulation modes in the helium turbine circulation scheme.
From the point of view of improving power generation efficiency, helium turbine direct
circulation is an ideal choice. In other words, the high-temperature and high-pressure gas
produced by the reactor core is used to directly drive the turbine to generate electricity.

Figure 1 shows the flow chart of helium closed re-compression Brayton cycle [14]
which is the scheme to realize the direct cycle of helium turbine. This cycle schemeadopts



922 Z. Li

recuperator and intermediate coolingof gasflow in theprocess of compression to improve
thermal efficiency of the system. The system is composed of turbine, recuperator, high-
pressure compressor, low-pressure compressor, intercooler, precooler, generator and
corresponding pipelines.

The working process is as follows: 1-2a refers to the isentropic compression pro-
cess of low-temperature and low-pressure helium in the low-pressure compressor; 2a-2b
refers to the constant pressure heat release process of helium in the intercooler (ICL);
2b-2 refers to the isentropic compression process of cooled helium in the high-pressure
compressor; 2–3 shows the heat absorption process of high pressure helium at the high
pressure side of the recuperator (RPT); 3–4 refers to the constant pressure heat absorp-
tion process of high temperature and high pressure helium in the reactor; 4–5 refers to the
isentropic expansion process of high-temperature helium in the turbine. The expansion
work is used to drive the high-pressure compressor, low-pressure compressor and gener-
ator. 5–6 shows the constant pressure heat release process of helium at the low pressure
side of the recuperator (RPT). 6–1 shows the constant pressure heat release process of
cooled helium in the precooler (PCL). Finally, the low-temperature and low-pressure
helium enters the low-pressure compressor for isentropic compression to complete the
whole cycle.

Fig. 1. HELIUM BRAYTON CYCLE WITH RE-COMPRESSION

3 Influence of Key Parameters on Thermal Efficiency of the System

The mathematical model of helium closed recompression Brayton cycle of 100 Wt lead
cooled fast reactor is established by usingMATLAB software. Thermal efficiency of the
system is expressed by the following formula:

η = f (τ, γ, θ, ηc
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where, τ refers to the circulating temperature ratio which is the ratio of the absolute
temperature of the high-temperature heat source to the low-temperature heat source of
the system; γ refers to the circulating pressure ratio which is ratio of the inlet pressure
to the outlet pressure of high-pressure compressor and low-pressure compressor; The
physical property vector θ is composedof the ratio of the specific heat at constant pressure
for the compression process and the endothermic process, the ratio of the specific heat
at constant pressure for the expansion process and the endothermic process, and the
isentropic index. For helium, the specific heat at constant pressure and specific heat at
constant volume are constant, the ratio of specific heat at constant pressure is 1, and
the isentropic index is 1.67. Component efficiency vector is composed of recuperator
efficiency, turbine efficiency, compressor efficiency and pressure loss. Limited by today’s
manufacturing level, after taking a groupof reasonable values according to literature [13],
as shown in Table 2, the component efficiency vector becomes a constant vector. The
whole cycle is steady-state calculation. Therefore, thermal efficiency of the system is
mainly determined by the circulating temperature ratio and circulating pressure ratio.

Table 2. COMPONENT EFFICIENCY AND RESSURE LOSS

Component parameters Values

Turbine efficiency 90%

High-pressure
Compressor efficiency

89%

Low-pressure
Compressor efficiency

89%

Generator efficiency 98%

Recuperator efficiency 95%

Pressure loss 5%

3.1 Influence of the Core Outlet Temperature

Figure 2 shows the influence of different core outlet temperature on the thermal effi-
ciency of the system under the conditions of high-pressure compressor outlet pressure
of 5.6 MPa, low-pressure compressor outlet pressure of 4.9 MPa and recuperator outlet
temperature of 80 °C. With the increase of core outlet temperature, thermal efficiency
of the system increases. When the core outlet temperature increases from 400 °C to 500
°C, thermal efficiency of the system increases by 86%. Therefore, under the conditions
of reactor thermal conditions and core materials, increasing the core outlet temperature
can increase the output power of the system.



924 Z. Li

Fig. 2. VARIATIONOF THERMAL EFFICIENCYOF THE SYSTEMWITH COREOUTLET
TEMPERATURE

3.2 Influence of the Turbine Outlet Pressure

Figure 3 shows the influence of turbine outlet pressure on thermal efficiency of the system
under the conditions of high-pressure compressor outlet pressure of 5 MPa, reactor core
outlet temperature of 400 °C and low-pressure compressor outlet pressure of 3.5 MPa.
With the increase of the turbine outlet pressure, thermal efficiency of the system first
increases and then decreases. The reason is that with the increases of turbine pressure,
the power consumption of the low-pressure compressor decreasing and the net power
of the system increasing. However, with the further increase of the pressure, the output
power of the turbine decreases rapidly, resulting in the decrease of the net output power
and the decrease of thermal efficiency of the system. That is, there is an optimal turbine
outlet pressure, which well matches the turbine output power and compressor power
consumption, so as to maximize thermal efficiency of the system.

Fig. 3. VARIATION OF THERMAL EFFICIENCY OF THE SYSTEM WITH TURBINE
OUTLET PRESSURE
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3.3 Influence of the High-Pressure Compressor Outlet Pressure

Figure 4 shows the influence of high-pressure compressor outlet pressure on thermal
efficiency of the system under the conditions of low-pressure compressor outlet pressure
of 4.18MPa, reactor core outlet temperature of 500 °C and recuperator outlet temperature
of 142.5 °C. With the increase of the high-pressure compressor outlet pressure, thermal
efficiency of the system increases. Therefore, increasing the high-pressure compressor
outlet pressure can improve thermal efficiency of the system, but subject to the current
technical conditions, the high-pressure compressor outlet pressure is usually lower than
7 MPa.

Fig. 4. VARIATION OF THERMAL EFFICIENCY OF THE SYSTEM WITH HIGH-
PRESSURE COMPRESSOR OUTLET PRESSURE

3.4 Influence of the Low-Pressure Compressor Outlet Pressure

Figure 5 shows the influence of low-pressure compressor outlet pressure on thermal effi-
ciency of the system under the conditions of high-pressure compressor outlet pressure
of 5 MPa, reactor core outlet temperature of 400 °C and recuperator outlet tempera-
ture of 167.5 °C. With the increase of low-pressure compressor outlet pressure, thermal
efficiency of the system decreases. The reason is that the specific capacity at the inlet
of the low-pressure compressor is large. Under the same pressure ratio, the compres-
sion work is much greater than that of the high-pressure compressor. At the beginning,
with the increase of the low-pressure compressor outlet pressure, the power consump-
tion of the low-pressure compressor increases relatively slowly, which is less than the
power consumption reduced by the high-pressure compressor, resulting in the increase
of thermal efficiency of the system.When the low-pressure compressor outlet pressure is
continuously increased, although the power consumption of the high-pressure compres-
sor decreases, the power consumption of the low-pressure compressor increases faster,
resulting in the decline of thermal efficiency of the system.
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Fig. 5. VARIATION OF THERMAL EFFICIENCY OF THE SYSTEM WITH LOW-
PRESSURE COMPRESSOR OUTLET PRESSURE.

3.5 Influence of the Recuperator Low-Pressure Side Outlet Temperature

Figure 6 shows the influence of the recuperator outlet temperature at low-pressure side
on thermal efficiency of the system under the conditions of high-pressure compressor
outlet pressure of 5.6 MPa, reactor core outlet temperature of 400 °C and low-pressure
compressor outlet pressure of 4.9 MPa. With the increase of the recuperator outlet tem-
perature at low-pressure side, thermal efficiency of the system decreases. The reason is
that after the outlet temperature at low-pressure side increases, the regenerative degree
of the recuperator decreases, the cooling capacity of the precooler increases, and the
high-temperature heat generated by the compressor is not fully utilized, resulting in the
increase of heat absorption of the system and the decrease of thermal efficiency of the
system.

Fig. 6. VARIATIONOFTHERMALEFFICIENCYOFTHESYSTEMWITHRECUPERATOR
OUTLET TEMPERATURE AT LOW-PRESSURE SIDE
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To sum up, in order to improve the thermal efficiency of the helium Brayton cycle,
the reactor core outlet temperature should be increased as much as possible, the design
scheme of the recuperator should be reasonably optimized, the system regenerative
efficiency should be increased, the compression ratio should be reasonably distributed
in combination with the characteristics of the high and low pressure compressor, and the
of the high pressure compressor outlet pressure should be increased as much as possible.

4 Optimization Results of He Closed Re-compression Brayton
Cycle

Through the analysis of the influence of different key parameters on helium closed
re-compression Brayton cycle, it can be concluded that the turbine inlet temperature
can be taken as 400–600 °C, the low-pressure compressor inlet temperature is taken
as 35 °C for lead-cooled fast reactor. Considering that the maximum pressure limit of
the system is 7.0 MPa, the high-pressure compressor outlet pressure is set as 5.0 MPa.
Table 3 shows the optimization results of he closed re-compression Brayton cycle of
lead-cooled fast reactor with thermal power of 100 MW under three different working
conditions. Thermal efficiency of the system. When the core outlet temperature reaches
600 °C,Thermal efficiency of the system reaches 34.8%.

Table 3. OPTIMIZATION RESULTS OF HE CLOSED RE-COMPRESSION BRAYTON
CYCLE

Cycle category He
(Condition 1)

He
(Condition 2)

He
(Condition 3)

Initial parameters tmin = 35 °C
tmax = 400 °C

tmin = 35 °C
tmax = 500 °C

tmin = 35 °C
tmax = 600 °C

Restrictions Pmax = 7.0MPa Pmax = 7.0MPa Pmax = 7.0MPa

High-pressure compressor outlet
ressure (MPa)

5.0 5.0 5.0

Optimal pressure ratio of high-pressure
compressor

1.44 1.44 1.44

1.73 1.73 1.73

Mass flow (kg/s) 153.4 133.6 118.4

Thermal efficiency of the system (%) 16.03 26.6 34.8

Heat absorption per unit mass (kJ/kg) 651.8 748.4 844.9

Turbine power (MW) 98.55 98.48 98.42

Turbine inlet volume flow (m3/s) 43.2 43.2 43.2

Turbine outlet volume flow (m3/s) 64.8 64.8 64.9

Low-pressure compressor power (MW) 36.42 31.72 28.1

High-pressure compressor power
(MW)

46.01 40.16 35.5
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5 Conclusions

(1) Thermal efficiency of helium re-compression Brayton cycle system increases with
the increase of high-pressure compressor outlet pressure, increaseswith the increase
of core outlet temperature, decreases with the increase of recuperator outlet tem-
perature and increases first and then decreases with the increase of turbine outlet
pressure.

(2) The optimized parameters of helium re-compression Brayton cycle system of lead-
cooled fast reactor with thermal power of 100 MW under three different core outlet
temperatures are obtained, which provides an important theoretical reference for
the design of power cycle system of lead-cooled fast reactor. When the core outlet
temperature reaches 600 °C, thermal efficiency of the system reaches 34.8%.

(3) At present, the technical level of helium re-compressionBrayton cycle still has some
limitations. The research on the materials of helium turbine device, the deposition
of radioactive products on turbine blades and the integrated layout are still need to
be carried out in the future.

References

1. Weibrodt, I.A.: Summary Report on Technical Experiences from High-temperature Helium
Turbomachinery Testing in Germany. In: Proceedings of a Technical Committee Meeting,
IAEA-TECDOC-899. Beijing (1995)

2. Brey, H.L.: Historical background and Future Development of the High Temperature Gas-
cooled Reactor[A]. In: Proceedings of the Seminar on HTGR Application and Development.
Beijing (2001)

3. Nicholls.: Pebble Bed Modular Reactor. In: Proceedings of Seminar on HTGR Application
and Development Beijing, China (2001)

4. Ball, S.: Status of the Gas Turbine Modular Helium Reactor for Plutonium Disposition. In:
Proceedings of Seminar on HTGR Application and Development, Beijing, China (2001)

5. Forsberg, C.W., Peterson, P.F., Pickard, P.S.: Study on characteristic of helium turbine with
the high temperature gas-cooled react0r. Nucl. Technol. 144(3), 289–302 (2003)

6. Fujikawa, S., Hayashi, H., Nakazawa, T., et al.: Achievement of reactor-outlet coolant
temperature of 950° C in HTTR. J. Nucl. Sci. Technol. 41(12), 1245–1254 (2004)

7. Yari, M., Mahmoudi, S.M.S.: Utilization of waste heat from GT-MHR for power generation
in organic Rankine cycles. Appl. Therm. Eng. 30(4), 366–375 (2010)

8. Kunitomi, K., Yan, X., Nishihara, T., et al.: JAEA’s VHTR for hydrogen and electricity
cogeneration: GTHTR300C. Nucl. Eng. Technol. 39(1), 9–20 (2007)

9. Meyer, M.K., Fielding, R., Gan, J.: Fuel development for gas-cooled fast reactors. J. Nucl.
Mater. 371(1), 281–287 (2007)

10. Kissane, M.P.: A review of radionuclide behaviour in the primary system of a very-high-
temperature reactor. Nuclear Eng. Design 239(12), 3076–3091 (2009).

11. El-Genk,M.S., Tournier, J.M.: Noble gas binarymixtures for gas-cooled reactor power plants.
Nucl. Eng. Des. 238(6), 1353–1372 (2008)

12. Talamo, A., Gudowski, W., Venneri, F.: The burnup capabilities of the deep burn modular
helium reactor analyzed by theMonteCarlo continuous energy codeMCB.Ann.Nucl. Energy
31(2), 173–196 (2004)



Research of Helium Thermal Power System Based on Lead-Cooled Fast Reactor 929

13. Verfondern, K., Nabielek, H., Kendall, J.M.: Coated particle fuel for high temperature gas
cooled reactors. Nucl. Eng. Technol. 39(5), 603–616 (2007)

14. Jie, W.: Preliminary study on thermal features for high temperature gas-cooled reactor gas
turbine cycle. Chinese High Technology Letters 12(9), 91–95 (2002)

15. Wang, J., Gu, Y.: Study on fundamental features of helium turbomachine for high temperature
gas-cooled reactor. Chinese J. Nuclear Sci. Eng. 24(3), 218–223 (2004)

16. Wang, J., Yihua, G.: Parametric studies on different gas turbine cycles for a high temperature
gas-cooled reactor. Nucl. Eng. Des. 235, 1761–1772 (2005)

17. Mian, X., Linsen, L., Gang, Z., et al. Preliminary Transient Analysis for LBE-
cooled Fast Reactor BLESS-D. In: Proceedings of the ICONE28 international Conference on
Nuclear Engineering, August4–6, 2021, Virtual Conference (2021)

18. Wang, Z.G., Zhang, L.Y., Yeoh, E.Y., et al.: Pre-conceptual core design of a LBE-cooled fast
reactor (BLESS). In: Proceeding of International Conference on Mathematics & Computa-
tional Methods Applied to Nuclear Science & Engineering (M&C 2017), Jeju, Korea, April
16–20, (2017)

19. Wang, Z., Li, L., Yeoh, E.Y., et al. Research on accumulation of high level radioactive waste
for a LBE-cooled fast reactor. Atomic Energy Sci. Technol. 51(12), 2294−2299 (2017)

20. Yeoh, E.Y., Li, L., Chen, X., et al.: Calculation of DPA in the main components of a LBE-
cooled fast reactor (BLESS-D). Nuclear Techniques 43(6), 37–42 (2020)

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.

http://creativecommons.org/licenses/by/4.0/


Study on the 3-D Natural Circulation
Characteristics of LFR Under Steady State

by Using Ansys Fluent

Jianing Dai, Yulin Yan, Erhao Li, Zhengyu Gong, Ling Zhang, and Zhixing Gu(B)

College of Nuclear Technology and Automation Engineering, Chengdu University of
Technology, Chengdu, Sichuan, China
guzhixing17@cdut.edu.cn

Abstract. As one of the Generation IV reactors, Lead-based Fast Reactor (LFR)
has been considered to be great promising owing to its advantages in nuclear safety,
sustainable development of nuclear energy and nuclear waste disposal. Owing
to the excellent thermal expansion characteristics of Lead-based coolant materi-
als, the primary cooling system of LFR can operate in natural circulation driven
mode. The CFD (Computational Fluid Dynamics)-based thermal-hydraulics and
safety analyses of nuclear reactors, especially liquid metal pool-type reactors have
attracted great attentions in recent years. In this paper, the entire 3-D geometric
model of a 10 MWth natural circulation driven LFR primary cooling system was
established and simulated by ANSYS Fluent, in which the mesh was partitioned
by utilizing structured meshing technology, and the porous medium model was
utilized to fine the reactor core simulation. The results showed that the above LFR
can operate safely in natural circulationmode, and has excellent natural circulation
characteristics for the primary cooling system.

Keywords: Natural Circulation · LFR · CFD · ANSYS Fluent · Structured
meshing technology

1 Introduction

As one type of the much anticipated fourth generation reactors, Lead or Lead-bismuth
cooled Fast Reactor (LFR) was developed rapidly, its excellent capabilities in minia-
turization, modularization and waste transmutation made it has great prospects in dis-
trict heating, electricity and accelerator driven sub-critical system (ADS). Numerous of
research institutes have great enthusiasm for LFRs, and a lot of experimental and teach-
ing LFRs were developed, such as ELSY [1], SSTAR [2], SNCLFR [3], CLEAR-I [4]
andMYRRHA [5]. Owing to the large thermal expansion coefficient and stable physical
properties of Lead-based materials, LFRs have well natural circulation capability. At
the same time, natural circulation capacity also guaranteed forced circulation passive
security. Therefore, it is important to study the natural circulation thermal-hydraulic
characteristics. With the development of computer hardware and software, computa-
tional fluid dynamics (CFD) methods was recognized as an accurate and efficient way,
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and it had been utilized widely. Nowadays, numerous of thermal-hydraulic programs or
codes were developed. On the one hand, 1-D system analysis codes, such as RELAP5
and ATHLET, had been applied extensively. These codes can simulate the entire reactor
system rapidly and precisely. However, system analysis codes were not good at reflect-
ing thermal-hydraulic phenomena elaborately in LFRs, such as thermal stratification and
flow details. On the other hand, numerous of CFD programs were adopted, the popular
ones are ANSYS FLUENT, STAR-CCM . Through the simulation by these programs
costs higher than system analysis codes, they can show heat transfer and flow char-
acteristic details. In recent years, CFD programs became more and more extensive in
investigating the thermal-hydraulic characteristics of LFRs.

In the past decades, a great deal of 2-D and 3-D simulations were carried out. In
2012, Jin [6] built a quarter 3-D model of CLEAR-I, carried out 3-D simulations by
using ANSYS FLUENT to investigate the natural circulation capacity and thermal-
hydraulic characteristics of CLEAR-I under steady state and loss of heat sink (LOHS)
accident condition. In2013, in order to study the thermal stratification phenomena in
CLEAR-I, Zhao [7] established a 2-D axisymmetric model and carried out 2-D simula-
tions by utilizing ANSYS FLUENT, in which different power density was given based
on the neutronics analysis. From the result, apparent thermal stratification appeared in
the regions of the hot pool below the inlet window of heat exchanger under reactor
scram conditions, but it never stopped the natural circulation of the primary circuit. In
2015, a self-developed CFD code namely NTC-2D was utilized by Gu [8] to investigate
CLEAR-I under steady state, unprotected loss of heat sink (ULOHS) and unprotected
transient overpower (UTOP) conditions. NTC-2D is a 2-D CFD code coupled with neu-
tron transport kinetics model. The results demonstrated that the nice natural circulation
capabilities contributed to the accident mitigation process. In 2015, to investigate the
natural circulation characteristics of a small modular natural circulation LBE (Lead-
Bismuth Eutectic) cooled fast reactor, 3-D simulations was conducted by using ANSYS
FLUENT [9], in which a 3-D quarter reactor model was established, and the core power
distribution was realized by UDF tools according to the reactor core layout. In 2015,
to study the thermal-hydraulic characteristics of SNCLFR under UTOP accident, Chen
[10] performed a 2-D simulation by using FLUENT coupled with neutron kinetics and
pin thermal transfer models. In 2016, 3-D FLUENT simulations which aimed to evalu-
ate two types of cooling systems, RVACS (reactor vessel air cooling system) and PHXs
(primary heat exchangers), was conducted by Wang [11]. The results showed that both
two cooling systems have excellent heat exchange capability, while PHXs is stronger
than the RVACS. In 2017, Martelli [12] developed a RELAP5-ANSYS FLUENT cou-
pling code to investigate the thermal-hydraulic characteristics of NACIE experimental
loop. Natural circulation condition, isothermal gas enhanced circulation and unprotected
loss of flow (ULOF) accident were simulated, in which the fuel pin was simulated by
FLUENT while other parts were simulated by RELAP5. In 2020, aimed to study the
hydraulic phenomena in M2LFR-1000 reactor, Zou [13] performed the simulations of
steady state and ULOF accident conditions by using coupling ATHLET with Open-
FOAM, in which a 3-D 1/8 model of hot pool was adopted. In 2021, Achuthan [14]
studied the natural circulation characteristics of SESAME facility in steady state and
several transient conditions.
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At present, on the one hand, most researches on thermal-hydraulic characteristics of
LFRs in thewhole reactor scale did not consider the core power distribution.One the other
hand, simulations with considerations of core power distribution were restricted to 2-D
or symmetrical 3-D scales. Comparing with the above scales, the whole 3-D simulations
can reveal the thermal-hydraulic characteristics more elaborately and precisely. In this
paper, a 3-DCFDmodel of a pool type LFR primary cooling systemwas established, and
the mesh was structured by using block-structed strategy. The steady state simulation
which considered power distribution in the core was performed, and the evaluation and
discussion of velocity and temperature distribution were also conducted.

2 Calculation Model

2.1 Geometry Model

The geometry model was established based on a typical 10 MWth pool type experi-
mental reactor. To guarantee the simulation efficiency and enhance the visuality of the
simulation, some subordinate parts and unnecessary details were removed or simplified.
After abundant rational consideration, the concrete components of interior structure in
heat exchangers and subassemblies in reactor core was simplified. The CFD simulation
geometry includes hot pool, cold pool, core, above core structure (simplified based on
control rod driven system) and HXs. The hot pool and the cold pool were separated by
a heat barrier. Four inlets and four outlets of each HX were located in the side of them.
The geometry model was showed in Fig. 1.

Fig. 1. The calculated geometry model of the primary cooling system
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2.2 Mesh Construction and Sensitivity Analysis

To guarantee the accuracy of results and reduce simulation cost, themeshwas established
by utilizing block-structed strategy. Specifically, mesh at the hot pool and core were
more dense than other parts. To make the simulation results independent with the mesh
quantity, the mesh sensitivity analysis was also carried out. Three mesh sizes, including
1.5 million, 5 million and 8 million were selected. Three cases distinguished by different
mesh quantity were simulated, and the corresponding temperatures of core outlet were
interpolated linearly and plotted in Fig. 2. Obviously, it can be found from this figure
that the 1.5 million mesh agreed bad with the two others, while the result of 5 million
mesh had tiny difference with the 8 million mesh ones. Therefore, 5 million mesh was
selected for the subsequent simulations.

Fig. 2. The temperatures of core outlet for three cases

2.3 Construction of Reactor Core Model

Limited to the simulation cost and complexity, the reactor core was divided into eleven
annular sections instead of simulating all the sub-assemblies, which was illustrated in
Table 1. Each section contained certain number of sub-assemblies which had similar
characteristics, such as power density. Considering the existence of sub-assembly walls,
the internal boundary conditions were used to prevent above sections from heat and
mass transfer. For each section, the porous medium model was employed in ANSYS
FLUENT to simulate the reactor core configuration, in which the volume fraction for
structures was set to be 0.7, and the volume fraction of fluid was set to be 0.3. As the
detail configuration for sub-assembly was not considered, the viscous resistance in the x
and y direction was set to be extremely large to ignore the cross flow of fluid. Moreover,
the power density distributions in each annular section was considered by using the UDF
techniques of Fluent [15].

2.4 The HXs Model

TheHX is one of the significant components of LFR to establish the natural circulation, it
determined the temperature level of primary cooling system. In HXs, the porousmedium
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Table 1. Radial distribution of the reactor core

Layer Number Radius of loops (m) Zone

1 0.0761 Neutron source zone

2 0.2014 Neutron source zone

3 0.3318 fuel zone

4 0.4239 fuel zone

5 0.4439 Control rod zone

6 0.5646 fuel zone

7 0.5897 Control rod zone

8 0.7342 fuel zone

9 0.8374 reflecting zone

10 0.9355 reflecting zone

11 1 Shielding zone

model was also used to simulate the primary coolant and heat transfer tube and prevent
the coolant from flowing along the horizontal direction. As there are Eight HXs installed
in the primary cooling system, meaning that each HXs needs to remove 1.25 MW.
Fluid Inlets and outlets of HXwere located at the side of two HXs ends. Average coolant
temperature at HXs outlet was 573K. Just as demonstrated below, therefore, a volumetric
heat source term model was used in each HX [11].

Q = 1.25MW

0.73
× TLBE − 573

119
(1)

2.5 Physical Properties

Density difference provided the driving force of natural circulation. The temperature
dependent lead properties equations referred to the lead or lead-alloy properties hand-
book edited by OECD/NEA (2007) was used here. The equation of LBE density was
given as Eq. (2). And other 2 key physical properties, conductivity and viscosity were
also given. UDF tools were utilized to realize these items.

ρLBE = 11065 − 1.293 ∗ T (2)

CpLBE = 164.8 − 0.0394 ∗ T + 0.0000125 ∗ T 2 − 4.56 (3)

μLBE = 0.000494 ∗ e
754.1
T (4)
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3 Results and Discussion

Aiming to obtain the velocity field and temperature distribution under full power con-
ditions, the steady state analysis was implemented. For evaluating and discussing the
simulation results, a plane y = 0 m, which crossed hot pool, cold pool, two HXs, above
core structure and core was established, as shown in Fig. 3.

Fig. 3. The schematic diagram of the plane

3.1 Discussion of Velocity Field

The velocity field was given in Fig. 4, it can be seen that a stable natural circulation was
established in the primary cooling system. In hot pool, hot coolant raised perpendicularly
until arrived at the bottom of above core structure, then it dispersed around, flow upward
and entered HXs inlets at last. The larger velocity along wall of above core structure and
swirl at the upper part of hot pool promoted coolant mixing. The maximum velocity in
the core was 0.127 m/s presented at ring 4 (fuel zone). Figure 5 showed the velocity field
approaching a HX. Obvious swirl can be seen near the right HX inlet, and velocities near
inlets and outlets of HXs were significantly larger, the maximum velocity in primary
cooling system was 0.44060713 m/s, located in a HX. However, velocities at two ends
of HXs were slightly small, that may lead poor heat transfer capability in these areas. In
cold pool, velocity in upper part of cold pool was relatively small, and occurred swirl
that promoted coolant mixing. While at the lower part, owing to the reduction of flowing
area at lower part of cold pool, the velocity increased obviously. In addition, it can be
seen that velocity vectors above and below the core were extremely intensive, this was
due to the slender shape of mesh blocks and big nodes number.
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Fig. 4. Velocity field of the reactor system

Fig. 5. Velocity field at HXs



Study on the 3-D Natural Circulation Characteristics of LFR 937

3.2 Discussion of Temperature Distribution

Temperature distributions under steady state at y = 0 m was illustrated in Fig. 6. In hot
pool, the temperature of coolant reachedmaximumvalue of 710.51Kat ring 8 (fuel zone).
Owing to the heat exchange in reactor core, it can be seen apparent thermal stratification
in vertical direction. In radial direction, the figure indicated that temperature at fuel rings
was significantly higher than other parts. However, the temperature at lower parts of fuel
zones was relatively small, the reason can be concluded combing with Fig. 7. The figure
indicated that velocity at fuel zones was much higher than other parts, means that the
temperature and density changed most drastically, and caused the mass flow rate at these
zones was larger than other parts. In the upper part of hot pool, owing to the reasonable
arrangement of subassemblies and hot pool structure, no obvious thermal stratifications
can be observed. In cold pool, the temperature distribution was more homogeneous
than in hot pool ones, and the maximum temperature was 578.323K occurred at an
outlet of HX. However, the symmetry of temperature distribution was imperfect. In the
preliminary analysis, this was due to the mesh was not symmetrical entirely.

Fig. 6. The temperature distribution of the reactor system
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Fig. 7. The velocity vector at inlet of core (right side)

4 Conclusion

In this paper, a 3-D global CFD simulation which aims to study the thermal-hydraulic
characteristics of LFR under steady state was implemented. In the core, power distri-
bution in both vertical and radial direction were realized by utilizing UDF tools. Bas-
ing on velocity field and temperature distribution, discussion and evaluation of natural
circulation.

were carried out. From the simulation results and discussion, the following results
had been obtained:

(1) Lead-bismuth fast reactors have good thermal-hydraulic characteristics under nat-
ural circulation conditions. Under steady state conditions, decay heat generated
by the core can be removed welly by HXs to establish an ideal steady state. At
the same time, maximum temperatures of the reactor, temperature in the center
of reactor core were also lower than the safety limits, which also shows that the
lead-bismuth reactor has good natural circulation capability.

(2) Based on the analysis of the velocity field, it can be concluded that the coolant
generated some swirls, and clear thermal stratification phenomena was occurred
in many parts of the primary cooling system. It is recommended that structural
design optimization or material reinforcement be carried out, such as decrease
cavity volume between end face and inlets or outlets of HXs.

(3) Referred to other relevant literature, the simulation results in this paper were accu-
rate generally. However, under the condition that the mesh quality was acceptable,
the mesh symmetry and mesh shape may still lead obvious difference of simulation
results.
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In our future work, a more detailed model will be established, a more regular and
symmetrical mesh partition strategy will be utilized. Furthermore, point kinetic model
in core will be considered.
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Abstract. Nuclear thermal propulsion (NTP) reactors have high-temperature
solid-state characteristics and significant thermal expansion, which therefore
require multi-physics coupling analyses. In this paper, the framework of Neutron-
ics, Thermal-Hydraulics and Mechanics coupling (N/T-H/M) of nuclear thermal
propulsion reactor is developed, and the typical reactor XE-2 is analyzed with this
method.The results show that theN/T-H/Mcouplingwill bring -1049pcmnegative
reactivity, of which the thermal expansion effect accounts for 22%, indicating that
the nuclear thermal propulsion reactor has a certain capacity for self-regulation.
However, thermal expansion will lead to 0.88 mm peak deformation and 233MPa
peak stress, which will severely threaten themechanical tolerance of thematerials.
Therefore, there is a trade-off between the advantages and disadvantages of the
high-temperature solid-state core while designing NTP reactors.

Keywords: Nuclear Thermal Propulsion Reactor · Neutronics and
Thermal-Hydraulics Coupling · Neutronics · Thermal-Hydraulics and
Mechanics Coupling

1 Introduction

Deep space exploration and interstellar travel are the persistent pursuits of humankind.
The propulsion system is the key to further investigation of the universe. Currently, the
chemical propulsion system have been widely used in rockets and spacecraft, but its low
energy density and small specific impulse makes it difficult to be applied in deep space
exploration and interstellar navigation. Nuclear Thermal Propulsion (NTP) uses nuclear
fission energy to heat the working medium flowing through the core to high temperature,
and then the hot propellant flows through the nozzle, expands and accelerates to provide
thrust for the rockets. NTP has advantages of high specific impulse, high thrust, and long
service life, therefore is the preferred propulsion choice for deep space exploration.

The concept of nuclear thermal propulsion could date back to the “space race”
between the United States and the Soviet Union in the 1950s [1]. From the 1950s to
1970s, the US successively carried out ROVER and NERVA programs. The US built
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and tested more than 20 NTP reactors, including KIWI, Phoebus, Pewee, NRX, and XE
series, generatingmore than 100,000 technical reports andmemos [2]. The achievements
in ROVER/NERVA program laid the foundation for later NTP research and designs.

Although there are also liquid and gaseous designs [3], the solid-core nuclear thermal
propulsion reactor is the most general design, of which the typical structure is shown
in Fig. 1. The specific impulse Isp is a key performance of a rocket engine, which
is determined by the operation conditions, propellant properties and exhaust nozzle
geometry according to Eq. (1).

Isp = 1

g

√
√
√
√
√

2γ

γ − 1

RT

M

⎛

⎝1−
(
Pe

Pi

) γ−1
γ

⎞

⎠ (1)

where i and e represent the inlet and exit conditions, γ is the specific heat ratio, R is
the universal gas constant, T is the inlet temperature of the nozzle, P is the pressure of
the propellant, g is the gravitational acceleration, and M is the molecular weight of the
propellant.

To increase the specific impulse as much as possible, a NTP reactor needs high
operation temperatures (usually ~ 3000 K in solid-state core) and small propellant
molecular weight (usually hydrogen). Therefore, a typical NTP reactor is actually a
high-temperature hydrogen-cooled reactor.

Compared with traditional light water reactors, NTP reactors have mainly the
following features:

(1) Solid-state core design. Except for the hydrogen coolant, the body of the reactor is
in a solid state, including fuel and moderator elements.

(2) High operation temperature. The operation temperature can reach 3000 K.
(3) Hard neutron energy spectrum. To reduce the size of the reactor, the loading of

the moderator is limited, thus the reactor is generally designed with a hard neutron
energy spectrum.

The high-temperature solid core can experience significant thermal expansion,which
will bring in negative reactivity feedback and thermal stress. The hard spectrum design
and small core size lead to the tight coupling of different physical fields.

In light water reactors, the effect of thermal expansion is usually negligible, only the
neutronics and thermal-hydraulics (N/T-H) coupling is considered. However, for high-
temperature solid-state reactors, such as heat pipe cooled reactors and NTP reactors,
thermal expansion is non-negligible. Previous studies show that in the heat pipe cooled
reactor KRUSTY, the thermal expansion accounts for ~ 90% of the reactivity feedback
[5]. Therefore, the neutronics, thermal-hydraulics and mechanics (N/T-H/M) coupling
analyses are needed for core design and safety analysis in high-temperature solid-state
reactors.

For the heat pipe cooled reactor, the coolant is replaced by heat pipes, so it should
consider neutronics, thermal-mechanics and heat pipe (N/T-M/HP) coupling analysis [6,
7]. However, for NTP reactors, the operation temperature is much higher, and there is a
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Fig. 1. Schematics of a typical NTP system [4]

hydraulic effect of hydrogen propellant. Therefore, a new coupling code is needed for
NTP reactor analysis.

In this work, a neutronics, thermal-hydraulics and mechanics coupling method is
developed to analyze the NTP reactor. The Reactor Monte Carlo code (RMC) [8] and
the commercial finite element analysis softwareANSYSMechanical are used for the neu-
tronic and thermal-mechanical analyses, respectively.A single channel code is developed
for the hydrogen flow and heat transfer analysis.

2 Methodology

2.1 Computational Methods

RMC (Reactor Monte Carlo code) is a Monte Carlo neutron and photon transport code
developed by the Department of Engineering Physics at Tsinghua University [8], which
has been validated for criticality calculation, burnup calculation, neutron and photon
coupled transport calculation, full-core refueling simulation, randomly dispersed fuel
calculation, and neutronic-thermal-mechanical coupling analysis [6, 7, 9–13].

ANSYS Mechanical is a commercial finite element mechanical analysis software
that includes structural mechanics analysis, thermal analysis, and coupling analysis.
APDL, also known as ANSYS parametric design language, enables users to organize
ANSYS commands and write parametric user-defined programs.

A single channel code is developed for the hydrogen hydraulic analysis, which will
be described detailly in Sect. 2.5.

2.2 Coupled N/T-H/M Framework

The neutronic, thermal-hydraulic andmechanical coupling framework is shown in Fig. 2.
An outer iteration strategy is used to schedule different codes with a main scheduling
routine. The Picard iteration method is used to couple the various physical fields. The
main pipeline in the iteration is as follows:
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(1) RMC reads the initial input file and simulates the neutron transport to get the
criticality result and power distribution.

(2) A data processing script reads the power distribution file fromRMC, converts it into
absolute power density and builds an ANSYS input command file with the power
density as the heat source.

(3) ANSYS Mechanical reads the input commands then executes thermal-mechanical
coupling analyses with initial wall temperatures of every coolant channel. Once
finished, the heat flux into each coolant channel is calculated.

(4) The single-channel hydraulic analysis routine updates the wall temperature distri-
butions with heat flux from ANSYS results as boundary conditions.

(5) Steps (3) and (4) are repeated until T-H/M coupling converges in a sense.
Afterwards, the final T-H/M result is written into files, including temperature,
deformation, density and stress distributions.

(6) A data processing script reads the T-H/M result and builds new geometry, and sets
new densities and new temperatures for the RMC input file.

(7) RMC reads the new input file, updates the cross-sections, geometry and material
properties, and starts new neutronic calculations.

(8) Steps (1)–(7) are repeated until the N/T-H/M coupling convergence criteria are
satisfied.

Neutron 
transport 

calcula�on

• Cri�cality result
• Power distribu�on

Rebuild ANSYS 
input file

New power density New ANSYS input file

Thermal-
Mechanical 

coupling analyses
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New RMC input file

N/T-H/M coupling

ANSYS

RMC
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Fig. 2. Coupled N/T-H/M framework

2.3 Neutronic Model

To improve the computing efficiency, a 1/6 model of the XE-2 reactor core is built
with RMC constructive solid geometry as shown in Fig. 3. The geometry, materials
and nuclide compositions mainly refer to the XE-2 reactor design manual [14]. The
fuel element is a 19-channel hexagonal prism dispersed with UC2 particles. To tally the
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power distribution and receive T-H/M feedbacks, the active core is axially divided into
26 segments.

In criticality calculations, the simulations use 100,000 particles per cycle with 30
inactive cycles and 270 active cycles, resulting in a standard error of keff less than 0.0002.

Fig. 3. 1/6 core model of RMC

2.4 Thermal-Mechanical Model

A1/6 core finite elementmodel is constructedwithANSYSMechanical APDL as shown
in Fig. 4. The thermal-mechanical properties refer to the NERVA material manual [15].
The triangularmesh is used in the radial direction and then sweeping in the axial direction.
For thermal boundary conditions, the outer boundary is set to be adiabatic and thewalls of
each channel are set to be in constant temperatures given by the single-channel analysis
code, whichwill be updated every T-M/H iteration. Formechanical boundary conditions,
the center line and the bottom are set to be fixed, while the others can expand freely.

2.5 Hydraulic Model

There are numerous coolant channels in the XE-2 reactor. In the 1/6 model, 500 ~ 600
coolant channels can transfer heat with the fuel. Because the channels are independent
without any coolant mixing, they can be treated one by one with single channel analysis.
Therefore, a single-channel hydraulic analysis code for hydrogen is developed with
APDL. The main correlations used in this algorithm comes from the thermal hydraulic
calculation program ELM [16] developed by NASA for nuclear thermal propulsion
reactors.
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Fig. 4. 1/6 core model of ANSYS Mechanical

As shown in Fig. 5, given the cooling channel length L and hydraulic diameter D, a
channel is divided into N control volumes with individual inlet and outlet temperatures
and pressures. The inlet temperature T in and pressure Pin are given. The heat flux into
each control volumeQ1 ~QN is known fromANSYST-M coupling results. The flow rate
is known as WCH. The outlet pressure of the nth control volume is assumed as Eq. (2).

Pn = PN − Pn−1

N − n+ 1
+ Pn−1 (2)

Fig. 5. Single channel boundary conditions and control volume partition schematics
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From the inlet control volume on, the calculation proceeds in sequence, and the
outlet temperature and pressure obtained from the previous control volume are used as
the inlet condition of the next control volume. When the calculation arrives at the last
volume, according to the known outlet pressure, the outlet temperature andmass flow are
calculated. The iteration continues until convergence. The detailed process is as follows:

(1) The density of hydrogen ρn-1 is looked up in the hydrogen property table according
to Pn-1 and Tn-1.

(2) Hn and ρn are obtained iteratively by trial and error with Eq. (3) and referring to
the hydrogen physical properties look-up table.

Hn−1 +
(

4WCH
πD2ρn−1

)2

2
+ Qn

Wch
= Hn +

(
4WCH
πD2ρn

)2

2
. (3)

(3) Determine the qualitative temperature and pressure:

Tb = Tn−1 + Tn
2

(4)

Pb = Pn−1 + Pn

2
. (5)

(4) According to Tb and Pb, look up the hydrogen physical property table and get μb,
ρb, Cpb, Cvb, λb.

(5) Calculate the Reynolds number and Prandtl number:

Reb = vbDρb

μb
= 4WCH

πDμb
(6)

Prb = Cpbμb

λb
(7)

(6) Find the fluid resistance coefficient:

f =
(

Tb
Twn

)0.5
(

0.0014+ 0.125

Re0.32b

)

(1.85× 10−5Reb + 0.73)0.5 (8)

(7) If it is the 1st ~ (N-1)th control volume, update the outlet pressure:

Pn = Pn−1 −
(
4WCH

πD2

)2 fL

ND

(
1

ρn−1
+ 1

ρn

)

−
(
4WCH

πD2

)2( 1

ρn
− 1

ρn−1

)

(9)

If it is the N th control volume, skip.

(8) Solve the Nusselt number NuD with Eq. (10)–(14).

Et =
(

1.82× log10 Reb − 1.64
)2 (10)
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K1 = 1+ 3.4Et (11)

K2 = 11.7+ 1.8× Pr
− 1

3
b (12)

Nu0 = EtRebPrb/8/

(

K1 + K2

(
Et

8

)0.5(

Pr
2
3
b − 1

)
)

(13)

NuD = Nu0

(
Tw
Tb

)−0.31×ln(Tw−Tb)−0.36

(14)

(9) Solve the convection transfer coefficient:

h = NuDλb

D
(15)

(10) Update wall temperature Twn according to Eq. (16)–(19):

TAW = Tb ×
(

1+ 0.5× Pr
1
3
b (γb − 1)M 2

b

)

(16)

γb = Cpb

Cvb
(17)

Mb = vb
(γbRTb)0.5

(18)

TWn = NQ

hπDL
+ TAW (19)

(11) Iterate and update the channel mass flow:

WCH = πD2

4
×

√
√
√
√

Pn−1 − Pn
fL

2Dρb
+ 1

ρn
− 1

ρn−1

(20)

3 Performance Analyses

3.1 Neutronic Performance

To study the significant influence of thermal expansion, the results of N/T-H coupling
and N/T-H/M coupling are compared. The variation of keff with iterations is shown in
Fig. 6. There is a sharp decrease of keff in both N/T-H coupling and N/T-H/M coupling.
The keff without feedback is 1.00792. After several iterations, the keff converges. The keff
is 1.00035 with N/T-H coupling, and 0.99737 with N/T-H/M coupling. The reactivity
feedbacks are summarized in Table 1. Both the doppler effect and thermal expansion
effect can lead to a negative reactivity feedback, in which the thermal expansion counts
for 22%. This result reveals the fact that in high-temperature solid state reactors, thermal
expansion is a significant source of negative reactivity feedback, which enables the
reactor certain self-regulating characteristics.
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Table 1. Reactivity feedbacks in N/T-H/M coupling

Doppler effect Expansion effect Total effect Expansion fraction

Reactivity feedback
(pcm)

−821 −228 −1049 22%

N/T-H coupling

N/T-H/M coupling

Outer iterations

ke
ff

Fig. 6. The variation of keff with N/T-H and N/T-H/M coupling iterations

3.2 Thermal Performance

The fuel average and peak temperature converge during the coupling iterations as shown
in Fig. 7 and Fig. 8. The temperatures gradually decrease from the initial value and
tend to be stable. After convergence, the difference in fuel average temperature between
N/T-H/M and N/T-H is very small, while the difference in peak temperature is much
more. The peak temperature decreases by 164 K with N/T-H coupling, and 175 K with
N/T-H/M coupling. The final temperature distribution is shown in Fig. 9.

3.3 Mechanical Performance

The thermal expansionwill lead to displacement and thermal stress. The linear expansion
variation with iterations is shown in Fig. 10. The final average linear expansion reaches
0.293%. The displacement and stress distributions are shown in Fig. 11 and Fig. 12.
The maximum displacement is 0.882 mm. The stress peaks near the wall of coolant
channelswith the peaking stress as 233MPa,whichwill threaten the strength of structural
materials.
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Fig. 9. The temperature distribution after N/T-H/M coupling
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Fig. 10. The variation of expansion with N/T-H/M iterations
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Fig. 11. The displacement distribution after N/T-H/M coupling

Fig. 12. The stress distribution after N/T-H/M coupling

4 Conclusions

In this work, a neutronic, thermal-hydraulic and mechanical coupling framework is
developed for typical thermal propulsion reactors with RMC and ANSYS Mechanical.
The XE-2 reactor is analyzed with this method. The effects of multi-physics coupling on
analysis results are summarized in Table 2. The results show that the N/T-H/M coupling
will bring−1049 pcmnegative reactivity, ofwhich the thermal expansion effect accounts
for 22%,which indicates that the nuclear thermal propulsion reactor has a certain capacity
of self-regulation. However, thermal expansion will lead to 0.88 mm peak deformation
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and 233 MPa peak stress, which will severely threaten the mechanical tolerance of the
materials. Therefore, there is a trade-off between the advantages and disadvantages of
the high-temperature solid-state core while designing NTP reactors.

Table 2. Effects of multi-physics coupling on analysis results

Without coupling With N/T-H coupling With N/T-H/M coupling

keff 1.007918 1.00035 0.99737

Peaking temperature
(K)

2865 2701 2690

Peaking stress (MPa) – – 233

Peaking displacement
(mm)

– – 0.88
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Flow Water Hammer Transients in Elastic Tube

Zixiang Zhao1, Zhongdi Duan1(B), Hongxiang Xue1, Yuchao Yuan1, and Shiwen Liu2

1 State Key Laboratory of Ocean Engineering, Shanghai Jiao Tong University, Shanghai, China
duanzhongdi@sjtu.edu.cn

2 Science and Technology on Reactor System Design Technology Laboratory, Nuclear Power
Institute of China, Chengdu, China

Abstract. Two-phase flow water hammer events occur in the pipelines of the
nuclear power systems and lead to transient and violent pressure shock to tube
structures. For the sake of operation safety, the occurrence and severity of the two-
phase water hammer should be carefully assessed. This paper presents a parameter
analysis of the inlet conditions on the two-phase flow water hammer transients,
with considering the elastic effect of the tube walls. A numerical model is estab-
lished for the vapor-liquid two-phase flow based on the two-fluid six-equation
modelling approach, with incorporating correlations and criterions for two-phase
flow regime, interfacial interactions and heat transfer. The governing equations
are transformed to matrix form expressed by characteristic variables, and solved
using the splitting operator method and the total variation diminishing scheme.
The accuracy of the model is verified against the experimental data in open litera-
ture. Then, the model is applied to investigate the effect of inlet velocity and inlet
water temperature on the two-phase flowwater hammer transients. The simulation
results show that the increase of inlet velocity increases the pressure peak values
and brings forward the onset of water hammer, and the increase of inlet temper-
ature decreases the pressure shock. A comparison of the water hammer results
between the elastic tube and rigid tube is further presented, and the effect of the
elastic modulus on the water hammer is analyzed. The results also show that the
pressure peak is largely affected by the tube diameter.

Keywords: nuclear power plants · condensation induced water hammer ·
fluid-structure-interaction · direct contact condensation · shock wave

1 Introduction

The passive heat removal system is one of the important systems to ensure the safety
of ocean nuclear power plants. While using seawater as the infinite heat sink to cool
the reactor, it also suffers the risk of reverse flow of subcooled seawater into the steam
tube, which gives rise to the direct contact between the steam and subcooled water, and
triggers condensation-induced water hammer (CIWH), resulting in high peak pressure
pulses and consequently pipeline damage. CIWH is a common phenomenon in nuclear
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power plants, steam power plants, and other energy power plants, and has received
widespread attention from domestic and international research institutions and scholars.

Regarding CFD numerical simulation methods for CIWH, there are three main types
of representative models: one is the use of surface renewal theory to calculate conden-
sation heat transfer, such as Tiselj [1], Strubelj [2], and Ceuca [3], which established a
large interface model for direct contact condensation based on surface renewal theory,
which considered the turbulence effect between the vapor-liquid phase and showed that
the model can predict the transient temperature change better by comparing with the
PMK-2 experimental data. Second, the temperature gradient of the vapor-liquid phase
is calculated directly, and the vapor condensation is calculated based on the thermal
conductivity heat transfer [4], and this method can also predict the fluid temperature
variation of the direct contact condensation process better. Third, a traditional evapora-
tive condensationmodel is used for the calculation, such as Pham et al. [5], who obtained
the CIWH pressure wave at the MPa level through Lee model simulations. In addition,
the two-fluid model used by Höhne et al. [6] and the Large Eddy Simulation (LES)
method used by Li et al. [7] also allow the simulation of direct contact condensation
processes with a good agreement with experiments. These method give visual access to
two-phase flow and phase interface information, however, most of the results obtained by
commercial CFD software are not very satisfactory in the calculation of CIWH pressure
waves, and it is difficult to capture the peak pressure.

For the prediction of condensation-induced water hammer pressure waves, several
research institutions and scholars have developed computational models specifically for
CIWH, and representative ones include the WAHA3 numerical computational program
developed by Barna [8] and Tiselj [9] based on the WAHALoads project, as well as the
computational program ATHLET [10]. The above models use a one-dimensional, two-
fluid, six-equation model, and a surge capture algorithm for pressure wave prediction of
CIWH. Hibiki [11] also computationally captured the transient process of CIWH based
on the RELAP5 code, but the validity of this approach is controversial. Milivojevic
et al. [12] developed a one-dimensional, three-equation single fluid model based on the
HEM (Homogeneous Equilibrium Model) model that captured the steam-filled CIWH
phenomenon in a vertical pipe. However, this method has not been applied in CIWH
calculations for stratified flow in horizontal pipes because it cannot characterize the heat
mass transfer relationship between the gas and liquid phases.

2 Mathematical Model Development

2.1 Basic Control Equations

For the vapor-liquid two-phase flow model, the basic idea for establishing the control
equation is that regard the two-phase mixed flow as two single-phase flow, and their
characteristics in terms of continuity, momentum and energy are examined separately,
and then the inter-phase effects of mass exchange, momentum exchange and energy
exchange are taken into account to form the basic control equation of the two-phase
flow.
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The mass, momentum and energy balance equations for both phases are the
following:

∂Aαlρl

∂t
+ ∂Aαlρlvl

∂x
= A�l (1)

∂Aαvρv

∂t
+ ∂Aαvρvvv

∂x
= A�v (2)

∂αlρl

∂t
+ αlρlK

∂P

∂t
+ ∂αlρlvl

∂x
+ αlρlvlK

∂P

∂x
= �l (3)

∂αvρv

∂t
+ αvρvK

∂P

∂t
+ ∂αvρvvv

∂x
+ αvρvvvK

∂P

∂x
= �v (4)

αlρl
∂vl
∂t

+ αl
∂P

∂x
− Pi

∂αv

∂x
+ αlρlvl

∂vl
∂x

− VM

= FD + �l(vi − vl) + αlρlg sin θ − Fl, wall (5)

αvρv
∂vv
∂t

+ αv
∂P

∂x
+ Pi

∂αv

∂x
+ αvρvvv

∂vv
∂x

+ VM

= −FD + �v(vi − vv) + αvρvg sin θ − Fv, wall (6)

where index l refers to the liquid phase and index v to the vapor phase. α is volume
fraction, G is mass transfer rate, Pi is interfacial pressure, FD is inter-phasic drag force
and Fwall is wall friction force.

To consider the geometric deformation of the pipe cross-section under pressure
pulses, the cross-sectional area term A in Eqs. (1)–(2) is considered as a function of time
and space, i.e., the elasticity of the pipe is considered. The cross-sectional area is of the
form

A(x, t) = A(x) + Ael[P(x, t)] (7)

where A(x) is the nominal cross-sectional area of the pipe, and Ael represents the amount
of change in cross-sectional area produced by a pressure pulse acting on the elastic pipe.
The radial movement of the pipe wall is considered free in this paper. The study ofWylie
and Streeter [13] gives the relationship between Ael and pressure

dAel

A(x)
= KdP (8)

where K = D/Eχ , D is the tube cross-sectional diameter (m), E is the modulus of
elasticity of the pipe material (N/m2), χ is the pipe wall thickness (m). Combining Eqs.
(1)–(2) and (7)–(8), themass equation for two-phase flow in an elastic pipe can bewritten
as

∂αlρl

∂t
+ αlρlK

∂P

∂t
+ ∂αlρlvl

∂x
+ αlρlvlK

∂P

∂x
= �l (9)

∂αvρv

∂t
+ αvρvK

∂P

∂t
+ ∂αvρvvv

∂x
+ αvρvvvK

∂P

∂x
= �v (10)

The Eqs. (3)–(6),(9)–(10) are still not closed equations and the unknown variables
in them need to be determined by supplementary equations.
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2.2 Closure Models for Control Equations

2.2.1 Equation of State

There is a differential relationship between the density of theworkpiece and the pressure,
internal energy and temperature as follows

dρk =
(

∂ρk

∂P

)
uk

dP +
(

∂ρk

∂u

)
P
duk (11)

where the subscript k represents the vapor phase (v) or liquid phase (l). The thermo-
dynamic coefficients involved in the above equation are constant volume compressibil-
ity kk , constant pressure specific heat capacity CPk , constant pressure volume thermal
expansion coefficient βk . Differential form written as

kk = − 1

∀k
(

∂∀k
∂P

)
Tk

(12)

CPk =
(

∂hk
∂Tk

)
P

(13)

βk = 1

∀k
(

∂∀k
∂Tk

)
P

(14)

where ∀k = 1/ρk . The partial differential term of density with respect to pressure and
internal energy can be further written as

(
∂ρk

∂uk

)
P

= βk

(CPk − ∀kβkρk)∀k (15)

(
∂ρk

∂P

)
uk

= CPkkk − Tkβ2
k∀k

(CPk − ∀kβkP)∀k (16)

2.2.2 Two-Phase Flow Regime Criteria

Two-phase flowat different flow rates and vapor-liquid ratios exhibit different inter-phase
interactions and interactions between the fluid and the pipe wall. The two characteristic
factors, vapor volume fraction αv and relative velocity vr = vv − vl are selected to
classify the two-phase flow regime, as shown in Fig. 1. The flow is divided into five states,
including dispersed bubbly flow, dispersed droplet flow, horizontal stratified flow and
transition flow, covering the main flow characteristics of horizontal pipeline two-phase
flow.

When the relative velocity is low, the vapor-liquid two phases exhibit horizontal
stratified flow regardless of the vapor volume fraction. When the relative velocity is
higher than the critical velocity, the velocity difference between the two phases is larger
and shows the characteristics of dispersed flow; at a lower vapor volume fraction, the
liquid phase dominates and the flow process is diffusive bubble flow; at a higher vapor
volume fraction, the vapor phase dominates and the flow process is diffusive droplet
flow. There is a mutual transformation between these flow types.
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Fig. 1. Two-phase flow regime diagram

The flow regime parameter R is also one of the indicators describing the flow char-
acteristics, reflecting the degree of stratification and dispersion of the two-phase flow,
proposed and validated by Tiselj [15], and contains five factors

R = RK−HRθRρvRvRα (17)

whereRK−H1 is Kelvin–Helmholtz instability factor, which is assumed to be the primary
reason for the transition of flow regime in CIWH phenomenon.

2.2.3 Virtual Mass

During the flow process, forces exist between the phases due to the spatial and temporal
variation of the relative velocities of the two phases. For the part of the interphase force
caused by the acceleration of the vapor or liquid phase, the virtual mass is used to
characterize it. The virtual mass of a solid sphere (bubble or droplet) in an ideal fluid has
a theoretical analytical solution, but the form of the virtual mass term in a real two-phase
flow is not known. In the WAHA3 method, the virtual mass term in the momentum
equation takes the form given by Drew [16]

VM = CVM

(
∂vv
∂t

+ vl
∂vv
∂x

− ∂vl
∂t

− vv
∂vl
∂x

)
(18)

where CVM is the virtual mass coefficient, which is determined by the flow regime
parameters, mixture density, and vapor volume fraction

CVM =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

C1
1+2αv
2αl

αv ≤ 0.4

C1[1.5 − 10(αv − 0.4)(αv − 0.6)] 0.4 < αv < 0.6

C1

√(
3−2αv
2αv

)2 + αl(2αv−2)(
αl+ αlρv

ρl

)2 αv ≥ 0.6
(19)
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2.2.4 Heat Transfer Correlations

The heat transfer at the phase interface in the two-phase energy equation is

Qik = Hik(Ts − Tk) (20)

where Ts is the saturation temperature, which is only related to the work substance and
pressure. Hik is the volumetric interfacial heat transfer coefficient, which is calculated
by the method proposed by Brucker [14].

3 Numerical Solution Method

3.1 Splitting Operator Method

The basic governing equations of mass, momentum and energy for individual phases
can be transformed to the following matrix form

A
∂Φ

∂t
+ B

∂Φ

∂x
= S (21)

where φ represents a vector of the variables for solving φ = (Pαvvlvvuluv)� and A, B
are 6-times-6 matrices and S is the source vector. Depending on the time scale of the
source term, the source is split into a non-relaxation source and a relaxation source

S = SNR + SR (22)

Non-relaxation source, which contains friction and volume force terms, is closely
related to the convective term of the model. The relaxation source, which establishes
the heat and mechanical equilibrium between two phases, reflects the heat, mass and
momentum transfer between the phases.

A =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Gl

(
∂ρl
∂P

)
u
+ ρlK − ρl

αl
0 0 0 0

Gv

(
∂ρv
∂P

)
u
+ ρkK

ρv
αv

0 0 0 0

0 0 ρl + CVM
αl

−CVM
αl

0 0

0 0 −CVM
αv

ρv + CVM
αv

0 0

PK − P
αl

0 0 ρl 0

PK P
αv

0 0 0 ρv

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
Gk = 1

1 − P
ρ2
k

(
∂ρk
∂uk

)
P

B=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

vl
[
Gl

(
∂ρl
∂P

)
u
+ ρlK

]
−ρl vl

αl
ρl 0 0 0

vv
[
Gv

(
∂ρv
∂P

)
u
+ ρkK

]
ρvvv
αv

0 ρv 0 0

1 −Pi
αl

ρlvl + CVM
αl

vv −CVM
αl

vl 0 0

1 Pi
αv

−CVM
αv

vv ρvvv + CVM
αv

vl 0 0

PvlK −Pvl
αl

P 0 ρlvl 0

PvvK
Pvv
αv

0 P 0 ρvvv

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
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SR =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

Gl
αl

{
�l − [

Qil + �l(hl − ul)
] 1

ρl

(
∂ρl
∂ul

)
P

}
Gv
αv

{
�v − [

Qiv + �v(hv − uv)
] 1

ρv

(
∂ρv
∂uv

)
P

}
1
αl
FD + 1

αl
�l(vi − vl) + ρlg sin θ

− 1
αv
FD + 1

αv
�v(vi − vv) + ρvg sin θ

1
αl

[
Qil + �l(hl − ul)

]
1
αv

[
Qiv + �v(hv − uv)

]

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
SNR =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−vlFl, wall
Gl

ρlαl

(
∂ρl
∂ul

)
P

−vvFv, wall
Gv

ρvαv

(
∂ρv
∂uv

)
P

− 1
αl
Fl, wall

− 1
αv
Fv, wall

1
αl
vlFl, wall

1
αv
vvFv, wall

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

3.2 Two-Step Iterative Algorithm

The final model with all the control and closure equations is

A
∂Φ

∂t
+ B

∂Φ

∂x
= SNR + SR (23)

After applying the operator splitting method, the solution of Φ is iterated in two
steps, as shown in Fig. 2.

Fig. 2. Schematic of the two-step iterative method

The superscript n in Φ
(n)
j indicates the time node where Φ is currently located, and

the subscript j indicates the spatial node where Φ is currently located. The iteration of a
time step is split into two parts, and the variable Φ

(n)
j at a certain spatial position needs

to experience an intermediate time *(n) when crossing from time (n) to time (n + 1).

3.2.1 Convective Iterative

Only consider the effect of non-relaxation sources in the convection step, Eq. (23) can
be re-written as

∂Φ

∂t
+ C

∂Φ

∂x
= A−1SNR (24)

where the Jacobain matrix C = A−1B can be diagonalized in terms of its eigen vector
V and eigen value matrix � as follows

C = V�V−1 (25)

Applying the diagonalization result to Eq. (23) and setting s RF = −V−1SNR yields

V−1
(

∂Φ

∂t
+ V�V−1 ∂Φ

∂x
+ RF

)
= 0 (26)
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Introduce the characteristic variable W6×1, which is related to the original variable
Φ as

∂W = V−1∂Φ + �−1V−1RF∂x (27)

Equation (26) can be expressed by the characteristic variables

∂W
∂t

+ �
∂W
∂x

= 0 (28)

The TVD [17] (Total Variation Diminishing) format with restriction factors is used
to differential Eq. (28) in the space of eigenvariables

W∗(n)
j − W(n)

j

�tNR
+ �+W(n)

j − W(n)
j−1

�x
+ �−W(n)

j+1 − W(n)
j

�x
= 0 (29)

where the eigenvalue diagonal array in Eq. (29) splits into two parts, and the split � is
still a diagonal array, and its relationship in spatial location is shown in Fig. 3.

�
(n)
j = �

(n)
j−1/2 + �

(n)
j+1/2 = �+ + �− (30)

 
Fig. 3. Spatial discrete schematic

Replacing the characteristic variables with the original variables Φ, Φ
∗(n)
j can be

deduced from Eq. (28) as

Φ
∗(n)
j = Φ

(n)
j − �tNR ·

(
V�+�−1V−1RF + V�−�−1V−1RF

+V�+V−1
Φ

(n)
j − Φ

(n)
j−1

�x
+ V�−V−1

Φ
(n)
j+1 − Φ

(n)
j

�x

⎞
⎠ (31)

The time step size �tNR is evaluated based on the CFL [18] (Courant-Friedrichs-
Levy) criterion as follows

�tNR ≤ �x

max|λt | (32)
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3.2.2 Relaxation Iterative

In the relaxation step only consider the relaxation source. The velocity terms in the vari-
ables (corresponding to the momentum equation) are calculated from the assumptions
on the relative and mixed velocities. In the calculation of the other variables, momentum
transfer is not considered, but only the effects of heat and mass transfer at the phase
interface.

AT
∂ψ

∂t
= SR−HMT (33)

AT =
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SR−HMT =
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(
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P
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1
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[
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⎞
⎟⎟⎟⎟⎟⎠

ψ =

⎛
⎜⎜⎝

P
αv

Tl
Tv

⎞
⎟⎟⎠

The time step of the relaxation iterative is related to the relative rate of change of the
variable ψ

∂ψ

∂t
= A−1

T SR−HMT = (
Ṗ α̇v Ṫl Ṫv

)�
(34)

The relaxation time step is evaluated as follows

�tR = 0.01min(t1, t2, t3, t4) (35)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

t1 = P
max(∈,|Ṗ|)

t2 = max(0.01,min(αv,αl))
max(∈,|α̇v |)

t3 = max(|Tl−Ts|)
max(∈,|Ṫl|)

t4 = max(|Tv−Ts|)
max(∈,|Ṫv|)

(36)

The relative velocity is iterated in the relaxation step as

v(n+1)
r = v∗(n)

r

1 − �tRSvr
(37)
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where

Svr =

⎧⎪⎨
⎪⎩

−Ci |vr |ρm+αvρv�v
αvαlρlρv+CVM ρm

�v < 0

−Ci |vr |ρm−αlρl�v
αvαlρlρv+CVM ρm

�v > 0
(38)

4 Results and Discussions

4.1 Verification with Benchmark Problem (Two-Phase Shock Tube Case)

The one-dimensional Riemann two-phase shock wave tube problem is a typical bench-
markproblem for condensation-inducedwater hammer, reflecting the ability of themodel
to capture discontinuous physical states and millisecond pressure transients.

A straight tube of length 1 m is filled with vapor-liquid mixture, the diameter of the
tube is 19 mm, the wall thickness is 1.6 mm, and the modulus of elasticity of the tube
material is 760 MPa, as shown in Fig. 4. In the initial state, a thin film at the center of
the tube divides the tube into two parts, both with an initial vapor volume fraction of
0.3. The densities of the left and right side of the mixture are 998.64 and 998.23 kg/m3.

Fig. 4. Schematic of the initial state of the shock wave tube

Fig. 5. Numerical solution of the Riemann shock wave tube problem for pressure in elastic and
rigid tubes (at 0.42 ms)

The test starts after the film is completely ruptured and the vapor-liquid mixture
diffuses from high to low pressure, forming a surge inside the tube. The surge tube is
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discretized into 100 nodes, and the calculated results are shown in Fig. 5, reflecting
the pressure distribution inside the tube at 0.42 ms after the vapor-liquid mixture with
different pressure starts to contact. The calculated results show good agreement with the
analytical values.

4.2 Verification with Experimental Results of PMK-2

In order to study the CIWH phenomenon that occurs during the entry of cold water into
steam-filled pipes in the water circuit of a nuclear power facility, the Hungarian KFKI
Institute constructed a model steam pipe and conducted the PMK-2 test.

The test section of the PMK-2 test is a tube with a length-to-diameter ratio of about
39. The pipe is filled with saturated water vapor at a pressure of 1.45 MPa at the initial
moment, and the saturation temperature of the water vapor at this pressure is 470 K. The
pipe and boundary conditions can be simplified as shown in Fig. 6. The volume of the
steam kettle at the end is sufficiently large that the outlet pressure can be considered to
be approximately constant.

Fig. 6. PMK-2 test section tube schematic

The numerical solution method of this paper is used to calculate the PMK-2 test
conditions, and the pipeline is divided into a total of 10 intervals (11 nodes), and the
occurrence of pressure pulses is successfully captured. A comparison of the calculation
results in this paper with the PMK-2 test results is shown in Fig. 7.

Fig. 7. Comparison of pressure time history between PMK-2 test and the results calculated in
this paper
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In terms of peak pressure, the pressure pulse amplitude of 17.1 MPa obtained by the
calculation method in this paper, compared with the highest value of 17.4 MPa recorded
in the test, the relative error is 1.7%, indicating that the calculation method can be more
accurate in forecasting the impact pressure when water hammer occurs under the test
conditions.

4.3 Analysis of the Effect of Inlet Velocity on CIWH

The temperature and pressure parameters of the PMK-2 test are applied, and the injec-
tion velocity of subcooled water is varied (0.1 m/s–0.4 m/s) to investigate the effect of
subcooled water flow rate on the CIWH phenomenon in the tube. A total of five veloci-
ties are numerically calculated for the model with the modulus of elasticity of the pipe
material set to 206 GPa, the model discretization are 10 nodes, the velocity boundary
condition at the left inlet and the pressure boundary condition at the right outlet (Figs. 8,
9 and Table 1).

Table 1. Parameters used in the analysis of inlet velocity

Parameter Value

Tube diameter 73 mm

Saturated steam temperature 470 K

Initial pressure 1450 kPa

Inlet water temperature 295 K

Elastic modulus 206 GPa

Inlet velocity 0.1–0.4 m/s

Fig. 8. Effect of subcooled water inlet velocity on CIWH

With the increasing flow rate of subcooled water (0.1 m/s to 0.4 m/s), the peak
pressure of condensatewater hammer is growing, but the growth rate is gradually slowing
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Fig. 9. Effect of subcooled water inlet velocity on peak pressure and time of CIWH occurrence

down; the occurrence time of water hammer is constantly in advance, but when the flow
rate is greater than 0.3 m/s, the change of the occurrence time is no longer obvious and
is maintained at 0.5 s or less.

4.4 Analysis of the Effect of Inlet Water Temperature on CIWH

Following the calculation conditions in Sect. 4.3, the injection velocity of subcooled
water remains unchanged at 0.24 m/s, and only the liquid phase temperature is changed
from 285K to 325K, every 10K for a grade, for a total of 5 water temperature conditions
(Figs. 10 and 11).

Fig. 10. Effect of subcooled water temperature on CIWH

Except for the liquid phase temperature of 325 K, the sudden pressure change occurs
about 2 s after the cold water starting inject. The condensate water hammer pressure peak
is the largest at 285 K, reaching 18.5 MPa, and the lowest at 315 K, 7.0 MPa, and enter
a state of continuous oscillation after the water hammer occurs. The obvious pressure
pulse phenomenon is no longer observed when the temperature increased to 325 K.
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Fig. 11. Effect of subcooled water temperature on peak pressure and time of CIWH occurrence

4.5 Analysis of the Effect of Elastic Modulus on CIWH

Using the numerical algorithm of this paper, a computational study of CIWH phe-
nomenon occurring in pipes with different modulus of elasticity (E) is done. The injec-
tion velocity and temperature of the supercooled water are kept constant at 0.24 m/s and
295 K.

Fig. 12. Effect of tube elasticity modulus on CIWH

The change in the elasticity of the pipe structure does not have a significant effect on
the time of occurrence of CIWH, and the peak pressure occurs within 2.1 ± 0.05 s for
several conditions in Fig. 12. The change of the pressure peak is mainly related to the
deformation of the pipe cross-section. In the pipe with greater stiffness, the smaller the
growth of the cross-sectional area caused by the pressure pulse, the smaller the cavitation
area formed after gas condensation, and the smaller the stroke of the bubble collapse
effect, which shows a lower pressure peak.

As shown in Fig. 13 and Fig. 14, comparing the cross-sectional area before and after
the water hammer, we can see the extent of the deformation of the pipe caused by the
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Fig. 13. Comparison of changes in tube cross-sectional area before and after the occurrence of
CIWH (E = 760 MPa)

Fig. 14. Comparison of changes in tube cross-sectional area before and after the occurrence of
CIWH (E = 206 GPa)

pressure pulse. For the pipe with E = 206 GPa, although the deformation of the pipe
cross-section is much smaller than the former, the pressure pulse has a broader impact
on the pipe deformation.

4.6 Analysis of the Effect of Tube Diameter on CIWH

The tube diameter is directly related to the mass flow rate of subcooled water injection
and the contact area between the two phases, and also has an impact on the peak pressure
and occurrence time of condensate hammer. The numerical model of this paper is used
to calculate the pressure time history of the same temperature of subcooled water with
the same flow rate into different diameter pipes, the modulus of elasticity is taken as
206 GPa, and the diameters are taken as 63 mm, 68 mm, 70.5 mm, 73 mm, 75.5 mm,
78 mm and 80.5 mm.

As shown in Fig. 15, in the diameter range of 70.5 to 80.5 mm, with the increase of
pipe diameter, the peak pressure of condensate hammer increases up to 20.3 MPa, but
the time of pressure pulse occurs backward, the peak pressure occurs at 1.96 s under
70.5 mm pipe diameter, and this moment is delayed to 2.44 s under 80.5 mm pipe
diameter. When the pipe diameter is less than 70.5 mm, the peak pressure will be When
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the pipe diameter is less than 70.5 mm, the pressure peak will be much smaller than the
result recorded in PMK-2 test.

Fig. 15. Effect of tube diameter on CIWH

5 Conclusions

The computational results of the Riemann two-phase surge problem confirm the accu-
racy and sensitivity of the computational method in this thesis, demonstrating that the
compressible two-fluid six-equation control model is capable of capturing pressure and
velocity transients on the millisecond scale. Numerical simulations of the important
experimental PMK-2 for condensation-induced water hammer are also performed on
top of the benchmark problem, and a good match is achieved in terms of pressure pulse
amplitude prediction and location of occurrence.

Based on the test equipment conditions, this paper also calculates the subcooled
water flow rate and subcooled water temperature factors, which are of interest in this
research area. The results show that as the inlet flow rate increases, the peak pressure
pulse rises and CIWH occurs earlier; as the subcooled water temperature increases, the
peak pressure falls and no longer triggers CIWH if the subcooled water temperature
decreases to a certain extent. The pressure peak of CIWH is largely affected by the tube
diameter. When the pipe cross-sectional area increases by 7.2% from an initial diameter
of 70.5 mm, the pressure peak increases up to 2.1 times if the original, while CIWH is
not be observed when the pipe diameter turns to be small.
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Abstract. Gas-liquid two-phase flow widely exists in nuclear energy engineer-
ing, in which bubble movement and deformation are critical problems. Because
the activity of bubbles in the fluid is a very complex physical process, and the
movement process is a flow field-bubble coupling process, which has strong non-
linearity and unsteady, the relevant research is usually based on experiments and
simulation.

We built a medium-sized experimental device to generate double bubbles with
different sizes and characteristic numbers and recorded the motion trajectory with
a high-speed camera. We developed and improved the image processing method
to obtain high-quality bubble motion information and realized a good capture of
bubble shape and rotation.

The experimental results show that in the two bubbles rising successively,
the trailing bubble is affected by the trailing field of the leading bubble, and the
bubble velocity, relative distance, deformation rate, and other parameters change
accordingly. In addition, through simulation, we get the interaction mechanism
of the bubbles under experimental conditions. The results show that the coupling
leads to flow field velocity and pressure changes, which explains the experimental
results. The research results are helpful for a thorough understanding of the law of
bubble movement and provide empirical data support for developing a thermal-
hydraulic model.

Keywords: Bubble rising experiment · Bubble coupling · Gas-liquid two-phase
flow

1 Introduction

Since the last century, researchers have carried out a lot of research on bubble motion
from the aspects of theory, experiment, and numerical simulation [1–3].

There are various forms of bubble movement. For the free bubble, if it is affected by
the rigid wall, it will not only deform the bubble interface but also change its original
motion state, mainly including the movement of the bubble away from the wall, the
movement of the bubble close to the wall, and the bounce movement of the bubble along
the wall. For free-space bubbles, it is relatively simple, mainly showing a zigzag and
spiral rise. Predecessors have also carefully studied the rise of single bubble and bubble
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chains and obtained the laws of bubble terminal velocity, bubble deformation, and other
motion parameters in some cases.

Generally speaking, in the presence of a wall, bubbles are affected laterally by the
wall attraction (lift pointing towards the wall) and the wall repulsion (lift pointing away
from the wall). When bubbles are affected by repulsive force and attraction, they appear
in a zigzag motion. In the longitudinal direction, bubbles are usually affected by lift,
drag, additional mass force, and film-induced force, regardless of whether the wall
exists. Because the growth and movement of bubbles are very complex, involving the
mass conversion between two phases and the energy transfer between three phases,
the growth and movement mechanism of bubbles have not been fully understood. In
addition, as a unique flow field boundary, bubbles have an important influence on the
dynamics of other bubbles around them, making the problem more complex. When two
bubbles rise in parallel, the smaller spacing will lead to bubble fusion; When bubbles
rise one after another, the wake of the leading bubble will cause the bubbles that follow
to rise faster. These coupling effects significantly change the bubble distribution and
two-phase contact area and affect the heat and mass transfer performance.

Clift et al. [1] studied the change of bubble shape and drew the bubble phase diagram.
It was found that bubbles with a diameter of less than 1.3 mm remained spherical, and
the shape of large bubbles would be the oval and spherical cap. Duineveld [4] studied
the floating characteristics of bubbles with a diameter of 0.33–1 mm in purified water,
explored the equilibrium velocity and shape coefficient obtained by bubbles and the
relationship between Weber number We, and found that the maximum Weber number
that can float in a stable shape and velocity does not exceed 3.2. Raymond and Rosant
[5], Zenit [6], and Magnaudet [6] use different liquids or add different proportions of
chemicals to the water to change the density, viscosity, surface tension coefficient, and
other parameters of the fluid and explore the changing laws and internal relations of
physical quantities such as bubble resistance coefficient, shape, and buoyancy under
different We and Re. Wu and Gharib [7] found that the bubbles with a diameter of 0.1–
0.2 cmwere spherical or ellipsoidal in the floating process.When the bubble volumewas
constant, the bubbles with high rising velocity were generally ellipsoidal; In addition,
the upward floating path of bubbles with a diameter less than 1.5 mm is a straight line.
When the bubble size is larger, the upward floating path of bubbles will be Z shaped or
spiral-shaped.

As for the interaction between twobubbles,Duineveld’s experimental research shows
that if the horizontal approach velocity of bubbles is the characteristic velocity when
We are less than 0.18, the two bubbles will become a single bubble. When the bubble
radius is less than 0.7 mm, the impact velocity of the two bubbles is always tiny, so the
possibility of bubbles fusion is high. When We are less than the critical value, the two
bubbles after springing could collide again. Sanada et al. [8] conducted an experimental
study on the interaction between two horizontal bubbles and found that when re exceeds
a specific range, the two bubbles attract each other. After the collision, there may be two
cases of fusion or bounce-off. If the bounce-off occurs, the bubble floating speed will
be reduced by about 50% due to vortex shedding and other reasons. The occurrence of
different phenomena is related to Re and We. It is pointed out that the critical We are
about 2, and the critical Re is related to the Morton number Mo.
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As for the terminal velocity, it depends on the bubble shape and is related to theEotvos
number, Reynolds number, and Morton number. Wallis [9], Grace [10], Jamialahmadi
[11], Bozzano [12], Sung-Hoon Park [13], and others proposed a series of correlations
based on experiments. As for the application of final velocity, it is widely used in system
analysis programs (such as RELAP5 [14]) to determine the selection of flow patterns,
heat transfer correlations, etc.

2 Experimental Equipment

The central part of the experimental device is a 30 × 30 × 40 cm acrylic water tank. In
the tank, the rubber tube and Ruhr joint are connected with the flat head stainless steel
needle tube; Outside the tank, the micro air pump and the gas pipe are connected with
the flow regulating valve and the micro syringe. When bubbles need to be generated,
open the air pump, control the gas flow rate by adjusting the flow regulating valve, and
change the bubble size by changing the diameter of the syringe needle in the cylinder.
As shown in Fig. 1, when recording bubbles from the front, a strip-shaped parallel light
source is set at the back of the cylinder; When shooting bubbles on the left side, place a
rectangular light source on the right side of the cylinder, as shown in Fig. 1. The high-
speed camera is supported by stable support and is connected to the computer, which can
process the captured images in real-time. To simplify the subsequent image processing,
we record the bubbles in the dark environment and keep the white LED light source so
that the captured image has a white background and the bubble itself is black. In the
experiment, we set the camera to shoot at the frame rate of 500 fps.

Table 1. Experimental group and needle diameter

Serial number 1 2 3 4 5 6

OD/mm 2.42 1.86 1.29 3.46 2.78 4.00

Number of experiments 21 23 17 14 16 12

Fig. 1. Schematic diagram of the experimental device
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Under the above experimental conditions, we generated a free-rising single bubble
and a continuous rising double bubble. It is noted that it is difficult for parallel bubbles to
combine into a single bubble due to the influence of initial needle diameter and spacing.
Several experiments were carried out under each working condition to generate single
and double bubbles repeatedly, and the rising motion of bubbles was photographed with
a camera. The bubble video with high contrast, slight noise, and within the width of
the light source is selected to study the law of motion and deformation. We used the
following diameter needles to generate bubbles of different sizes (Table 1).

3 Image Processing

We use mature image processing technology, and the Python program and OpenCV
library are selected to develop the corresponding image processing program. Image
processing mainly includes four steps: preprocessing, image segmentation, contour
clustering, and feature extraction.

3.1 Preprocessing

Preprocessing includes image frame clipping, keyframe interval selection, gray level
processing, binarization processing, Gaussian filtering, etc. The image frame is cut to
retain the image of the experimental section, and the width is slightly wider than the
width of the light source. Keyframe interval selection mainly selects the video interval
of the bubble rising process. Gray processing prepares for binarization, and binarization
processes the image into a two-color image according to the threshold. Gaussian filtering
can filter out part of the image noise.

3.2 Image Segmentation

Image segmentation is mainly to identify bubbles and the surrounding environment. The
Canny operator processes the image to obtain the bubble boundary, and then the contour
data is obtained using the findcontours function in OpenCV.

3.3 Contour Clustering

For some single bubble cases, due to the uniformity of the light source and the light
refraction caused by the bubble movement, the bubble contour is divided into several
parts. For the double bubble case, the attribution relationship of the bubble contour needs
to be considered, so the contour clustering analysis code needs to be developed. The sub-
function is used to calculate the center of a single outline and the number of data points.
Then the center points representing each contour are divided according to the distance
(such as Manhattan distance, Euclidean distance, etc.), which are mainly divided into
two categories, namely, the corresponding leading bubble and the trailing bubble (for the
case of a single bubble, it can be considered that the top bubble and the trailing bubble
overlap), as shown in Fig. 2. In addition, it is often necessary to eliminate interference
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profiles. The elimination of the interference profile depends on the shape factor, which
is defined as follows.

K = P2

4πS
(1.1)

where P is the contour perimeter and S is the contour area.

3.4 Feature Extraction

According to the results of segmentation and clustering, the feature parameters such
as bubble centroid are extracted, and the saved data are output for subsequent data
processing. The pictures processed in four steps are shown in Fig. 2.

We define the center of mass and velocity of the bubble as follows,

X =

i=N∑

i=1
xi

N
(1.2)

Y =

i=N∑

i=1
yi

N
(1.3)

vtx = X t+1 − X t

�t
s (1.4)

vty = Y t+1 − Y t

�t
s (1.5)

where xi, yi are coordinates of all pixels within the bubble contour. X and Y are obtained
bubble centroid coordinates. s is the ratio of true distance to unit pixel. �t is the time
difference between two frames.

Fig. 2. Schematic diagram of segmentation clustering algorithm and image processing flow
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The deformation degree and equivalent volume diameter are related to the long-axis
b and short-axis a (assuming the bubble shape is elliptical). The deformation degree of
the bubble can also be expressed by the aspect ratio, while the volume diameter could
be defined as,

E = b

a
(1.6)

de = 3√
b2a (1.7)

During the experiment, we also extracted dimensionless parameters, which are
defined as follows,

Re = ρvde
μ

(1.8)

Eo = d2
e (ρl − ρg)g

σ
(1.9)

We = v2deρl
σ

(1.10)

where ρ is the density, v is the velocity of the bubble, g is the gravitational acceleration,
σ is the surface tension.

4 Result and Analysis

4.1 Trajectory and Deformation

The trajectory of bubblemotion is different under different equivalent volume diameters.
As shown in Fig. 3, the captured trajectory shows that almost all bubbles are zigzagging
or spiraling. When the equivalent diameter is less than 5 mm, the bubble is easier to
twist.

Generally speaking, the larger the equivalent diameter, the more serious the defor-
mation. Generally speaking, the larger the equivalent diameter, the more serious the
deformation. According to the definition, when K and E are large, the deviation from
the circle is big, and the deformation is large.

We get the deformation coefficients under different diameters, as shown in Fig. 4. It
can be seen that when K is used as a parameter to characterize deformation, it conforms
to the previous discussion. However, when E is taken as a parameter, the deformation
relationship of the leading bubble is broken. This is because the ratio of long and short
axes can only reflect the length relationship in the direction of the two main axes.
Therefore, we propose to use K instead of E to represent the degree of deformation.
In addition, we can also see that the deformation degree of the lower bubble increases
under the influence of the flow field behind the forward bubble.
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Fig. 3. Centroid locus (red line: top bubble blue line: bottom bubble)

Fig. 4. K and E under different equivalent diameters( E on the left, K on the right)

4.2 Instantaneous Parameters

We place the light source in the middle and rear part of the bubble movement and record
the changes in velocity, relative distance, and dimensionless numberwith time.As shown
in Fig. 5 and Fig. 6, the speed in the x-direction under different equivalent diameters
presents periodic variation characteristics. The speed in the y-direction fluctuates up and
down in the mean value.

It is observed that the x-direction distance between the two bubbles fluctuates around
the mean value, while the y-direction distance may fluctuate or decrease. This is related
to the relative velocity of the two bubbles. The dimensionless parameters also present
periodic fluctuations, mainly related to the changes in equivalent diameter and speed.

4.3 Terminal Velocity

In the field of nuclear engineering, people are concerned about the change of terminal
velocity with equivalent diameter.
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Fig. 5. Bubble velocity in x-y direction

Fig. 6. Schematic diagram of time variation of dimensionless parameters and relative distance
under different equivalent diameters

As shown in Fig. 7, we used a series of correlations for prediction and found that
the Wallis correlation had a significant error, Davis and Taylor[15, 16] correlation were
slightly better, and Park correlation and Clift[1] correlation were close in trend. We
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Fig. 7. Bubble terminal velocity under different equivalent diameters and fitting correlations

corrected the Park[13] correlation by adding a velocity offset term voffset = 0.06m/s,
and found that the predicted results were in good agreement with the experiment.

vb,in = 0.14425g5/6
(

ρL

μL

)2/3

d3/2
e (1.11)

vb, sp =
√
2.14σL
ρLde

+ 0.505gde (1.12)
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√
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√
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4.4 Numerical Simulation

In this paper, the VOF multiphase flow model in Fluent software is used to simulate the
bubble flow field. A rectangular space of 10× 40 cm is taken, the two sides of the surface
boundary are set as symmetry surfaces, the top is set as a pressure outlet, and the surface
tension coefficient of water at room temperature and pressure is taken using Harkins’
empirical formula. The flow field was obtained by simulating the forward bubble with an
equivalent diameter of 5 mm as shown in Fig. 8 and Fig. 9. It can be seen that under the
influence of bubble-field coupling, the transverse velocity of the flow field (x-direction)
changes significantly, and the fluid’s transverse velocity and the flow field’s longitudinal
velocity (y-direction) increases, which will affect the next bubbles. We can see that the
change in the transverse velocity of the flow field will strengthen or limit the transverse
movement of the next bubbles (depending on the direction of the bubble movement),
and the increase in the longitudinal velocity of the flow field will accelerate the next
bubbles.

Fig. 8. Bubble flow field velocity (x direction)
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Fig. 9. Bubble flow field velocity (y direction)

5 Conclusions

To sum up, by generating double bubbles in different states, we developed an image
processing program based on OpenCV to study the motion and deformation law of dou-
ble bubbles with varying diameters of equivalent. We get the following conclusions: 1)
the shape coefficient K can better reflect the shape change during bubble rising than the
aspect ratio E. 2) The instantaneous parameters of two bubbles show periodic charac-
teristics. 3) Both simulations and experiments show that the change of the tail flow field
caused by the movement and deformation of the first bubble will affect the subsequent
bubble and then change its movement. 4) The bottom bubbles were slightly accelerated
by the flow field behind the top bubbles. We modified the Park correlation and achieved
a good prediction of the terminal velocity of the experiment.
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Abstract. Thedetection of explosives anddrugs in large cargodistribution centers
such as customs and logistics stations has a great effect on preventing smuggling
crimes and terrorist incidents. However, the relatively thick shielding of container
cargomakes thematerial composition information obtained by conventional detec-
tion methods such as X-ray transmission detection and imaging technology very
limited. Nuclear Resonance Fluorescence (NRF) is an emerging nondestructive
assay technology that uses the specific resonance energy of nuclides to identify
unknown nuclides, which can be used to detect and analyze the isotopic compo-
sition of the inspected cargo. In this paper, according to the theoretical analysis
of NRF, Geant4 is used to build the NRF backscatter detection model, the colli-
mator structure of the electron accelerator and the background shield of the NRF
signal are optimized and calculated, and the NRF process with 12C as the target
element is simulated and calculated. The results show that the simulated charac-
teristic energy spectrum of NRF signal is consistent with the theory, the designed
background shielding scheme meets the needs of NRF signal identification and
detection, and the simulated signal-to-noise ratio data provides the basis for the
experiment.

Keywords: Nondestructive Assay · Backscatter · Nuclear Resonance
Fluorescence · Genat4 · Nuclear Safeguards

1 Introduction

In recent years, the transportation of cargo through customs containers and land trucks
has become a major part of world trade. At the same time, illegal event such as smug-
gling commercial contraband, explosives, and special nuclear materials (SNM) through
borders and customs are also rampant. According to the International Atomic Energy
Agency’s Illicit TraffickingDatabase (ITDB), between1993and2021, countries reported
a total of 3,928 nuclear safety incidents. In 2021 alone, 32 countries reported 120
incidents to the ITDB [1].

NRF has developed rapidly in the fields of explosives detection, container security
inspection and nuclear weapons inspection in recent years. It describes that the nucleus
absorbs a photon through resonance and is excited to a specific excited state, and then
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de-excited by emitting one or more photons, as shown in Fig. 1. For each isotope (Z> 2),
the gamma-ray energy spectrum produced by NRF is different. If the gamma-ray beam
is adjusted to a specific energy, specific nucleons can be detected by nuclear resonance
fluorescence, and the isotopic composition of the cargo can be analyzed. In addition,
the emitted NRF photon energy is several MeV, which can penetrate most materials and
boxes.

Fig. 1. NRF excitation-de-excitation process

In this paper, an optimization scheme is designed for NRF detection based on an
electron accelerator. The influence of different shield thicknesses and different target
thicknesses on the NRF count rate is studied from theoretical calculations and Monte
Carlo analysis, and a target with 12C as the target element is simulated and calculated.
The optimized simulation scheme and the characteristic energy spectrum of the NRF
process of the target were obtained.

2 Physical Background

NRF is a typical X(γ, γ
′
)X reaction, which includes two basic processes: transition by

absorbing energy; decay by releasing energy. At absolute zero T = 0K, when a photon
with energy E is incident, the target atom absorbs energy through isolated resonance to
reach the energy level Er , and then decays to the energy level Ej, and its cross section
follows the single-level Breit-Wigner profile [2]

σNRF (E) = π
2J1 + 1

2(2J 0 + 1)
(
�c

E
)
2 �r,0�r,j

(E − Er)
2 + (�r/2)

2 (1)

where J0 and Jr are the nuclear spins at the ground state and resonance level, respectively.
The terms �r,0 and �r,j denote the partial widths of decay from Er to ground state and
from Er to Ej, while �r is the total width of the energy level transition. At non-absolute
zero degrees (T �= 0K), the energy level broadening of the NRF reaction cross-section
will decrease the NRF cross-section, but compared with the cross-section values of other
electromagnetic interaction processes such as photoelectric effect, Compton scattering
and electron pair effect, the NRF cross-section still comparable to or even exceeding [3],
so even a small amount of special nuclear material can be detected with high sensitivity
of the detection system. Due to the conservation of energy and momentum, free nuclei
undergoing NRF will recoil with kinetic energy. The recoil energy Erec is determined
by the following Compton-like formula [4]

Erec = E[1 − 1

1 + E(1 − cosχ)/Mc2
] ∼= E2

Mc2
(1 − cosχ) (2)
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where χ is the photon scattering angle relative to the incident direction. For bound nuclei
in the atomic lattice, Erec may be large enough to overcome the lattice displacement
energy Ed , in which case the kinetic energy transfer is Erec − Ed . For unbound nuclei
ErecErec less than Ed , the recoil is transferred across the entire lattice and recoilless NRF
is achieved. For outgoing photons, the energy decreases accordingly by Erec � �Erec,
but the energy of photons emitted in the backward direction will be much lower than the
resonance energy Er and it is highly unlikely that another NRF interaction will occur in
the same target atom. According to the definition of the angle integral, the differential
angular cross-section of the NRF outgoing photon is defined as

dσNRF
r (E)

d�
= W (χ)

4π
σNRF
r (E) (3)

The angular correlation function [5] W(χ) is symmetric around χ = π/2, so W(χ)
= W(θ), where the emission angle θ is relative to the back-beam direction. Then, the
angular correlation function W(θ) is shown in formula (4)

W (θ) = 1 + (R/Q)cos2θ + (S/Q)cos4θ (4)

The constants (R/Q) and (S/Q) represent the contributions of dipole and quadrupole
transitions, respectively, and are determined by the sequence of spins J0 → Jr → Jj.
In most experiments, it was roughly isotropically distributed. According to formula (4),
the scattering angle of the NRF of 12C is calculated in the order of 0+ → 2+ → 0+.
The parameters and calculation results are shown in Table 1.

Table 1. Resonance excitation-de-excitation parameters, NRF cross section and scattering angle
of 12C

Isotope Er[MeV ] �r[MeV ] ∫
σNRF
r (E)[eV · b]dE (R/Q) (S/Q) θ

12C 4.438 10.8 6.939 0,4 90°

3 Simulation Setup

Figure 2 is a schematic of the constructed Geant4 simulation model. The model is as
follows: the backscatteringmethod is adopted as a whole, a high-energy electron beam is
generated by an electron accelerator, electron beam produces X-rays via bremsstrahlung,
the collimator confinesX-rays to a certain angle range, then high-energyX-rays bombard
the target to generate an NRF reaction. The HPGe detector located at 110° relative to
the main beam direction receives the NRF photon signal. The detector is provided with
a low-energy background shielding lead on the axial end face, and a thick shielding lead
facing the accelerator to block the X-Rays from the accelerator.

Figure 3 shows the design structure of the collimator. The overall design is a cylinder.
The radius of the inlet end and the outlet end of the cylinder are different, so that the
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Fig. 2. NRF detection design structure

X-ray with the second highest dose at the scattering angle of 3° –7° is not shielded, and
the lifting device overall efficiency. The tungsten alloy converter is placed at the exit
of the accelerator beam and at the entrance of the collimator. The inner diameter of the
inlet end of the collimator is 0.5 cm, the outer diameter is 5 cm, the inner diameter of the
outlet end is 1.2 cm, the outer diameter is 5 cm, and the overall axial length is 10 cm. The
diameter of the inlet end of the collimator completely fits the diameter of the converter.

Fig. 3. Collimator structure diagram

The target material is graphite with 12C as the target element. The target shape
is a square thick sheet, the width is 10.2 cm × 10.2 cm, and the target thickness is
1.25 cm. The count rate of the NRF peak corresponds to the mass thickness ρD of the
measurement object. As thickness increases, NRF photon yield increases according to a
power function variant relationship; the NRF photons emitted forward in the thick target
have no recoil energy reduction, and the emitted photons can also cause NRF reactions.
The thin lead shielding layer of the detector entrance window is 1.25 cm, which can
reduce the low-energy background from the target and improve the NRF count rate of
the detector. The detector faces the accelerator lead shield of 25 cm, which shields the
background photons from the accelerator and other scatterers.

According to the NRF photon exit angle of 12C, it can be seen that the optimal setting
angle of the detector is 90°. However, the interrogation system needs to inspect various
explosives and nuclear materials. Combined with the 125° scattering angle set for the
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nuclearmaterial 238Uand the approximate isotropicNRFscattering angle characteristics,
this design adopts a 110° scattering angle design.

The isotope contained in nuclear materials include 238U, 235U, and the isotope con-
tained in explosives include 12C, 14N, 16O, etc. The NRF energy levels of 238U and 235U
are concentrated in 1.5 MeV–2.5 MeV, while the NRF energy levels of 12C, 14N, and
16O are concentrated in 4 MeV–7.5 MeV, the photons in this energy range can easily
penetrate the planar and coaxial HPGe detectors with low relative efficiency, and NRF
requires excitation at higher incident energy. Therefore, this paper chooses the coax-
ial HPGe detector with a relative efficiency of 95%, the axial length of the crystal is
80.5 mm, and the radius is 79.5 mm.

4 Simulation Results

The simulation setup for the electron accelerator is as follows: the angular distribution is
a Gaussian distribution with a one-dimensional 5° broadening, the energy is a Gaussian
distribution with a center value of 10MeV and a 0.001MeV broadening, and the number
of incident γ particles is 2 × 107. Figure 4 is a thermal diagram of the X-ray count rate
at a distance of 20 cm from the converter without a collimator, bright colors indicate
high counts, cold colors indicate low counts, and the horizontal and vertical coordinates
indicate distances inmillimeters. It can be seen that theX-ray count at the central position
is higher, and the count rate gradually decreases with the increase of the distance from
the central axis.

Fig. 4. X-ray energy spectrum generated by converter and count distribution at 20 cm

The selection of the distance between the target and the collimator is constrained
by the beam diffusion angle of the collimator and the limitation of the target area; at
the same time, the target and the detector have a linkage relationship, that is, if the
target is too close to the collimator, the detector will move, increasing its background
value. In order to make the X-rays completely incident on the target, the X-ray count
rate distributions on the target were measured at distances of 40 cm and 50 cm from the
target and the collimator, respectively, as shown in Fig. 5.

It can be seen from the Fig. 5 that as the distance increases, the count rate distribution
area on the target increases. When the distance is 50 cm, the counted area ratio can reach
65.6%, and no X-rays escape from the target, which can provide the highest NRF signal
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Fig. 5. Count distribution on target Left: Distance 40 cm; Right: Distance 50 cm

rate, which meets the experimental requirements. The purpose of masking is to obtain a
clearer NRF peak, and the evaluation factor is introduced accordingly

Y0 = nEr/noff

where nEr is the NRF photon count generated at a specific resonance energy level when
the incident energy is E, noff is the total count of scattered X-rays (background part)
received on the detector from the electron acceleratorwhen the source term is unchanged,
Its significance is to test the ability of lead shielding to block the corresponding back-
ground when generating quantitative target counts (NRF photons). The NRF photons is
recorded by the detector, contributing ηn. Then

ηn =
{
1 Record
0 not recorded

To count the number of all NRF photons recorded by the detector as N1, the approx-

imate probability of generating an NRF signal is P
∧(1)
N , when the confidence coefficient

is 1-α = 0.95, the error of P
∧(1)
N is

∣
∣
∣P
∧(1)
N − P

∣
∣
∣ < 1.96ση/

√
N

ση is the mean square error of η. Since η obeys the binomial distribution, according
to the simulation analysis, P is 10–6. If the relative error is required to be less than
5%, The magnitude of N is 109. A bias factor of 10 is applied to the physical process of
bremsstrahlung of electrons, and the simulation result with a detector shielding thickness
of 25 cm is counted as 3. This count can be considered to be no statistically. At this time,
the evaluation factor Y0 can meet the design requirements.

In addition, comparing the X-ray energy spectrum before and after adding the shield
on the side of the detector facing the accelerator is helpful to evaluate the performance
of the shield. Figure 6 shows the X-ray energy spectrum of the shielded entrance end of
the detector when the incident particle is 2 × 107. The number of X-ray particles can be
statistically 1.5 × 105, while the statistical particle number on the target is 3.3 × 105.
According to the calculation of the shielding effect, when the incident particle is 109,
the shielding ability of X-rays is 7.5 × 106, and it is 1.6 × 107 on the main beam, so
the shielding effect of this thickness can at least reach 1.6 × 107 particles (the shielding
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Fig. 6. Detector shield entrance window energy spectrum

effect is at least 6.3 × 10–8) on the main beam, the detector will receive the background
from the electron accelerator.

The source term of the NRF simulation adopts a Gaussian distributionwith an energy
center of 4.438MeV and a spread of 0.001MeV. The surface source is 0.5mm× 0.5mm,
the length and width are spread by 0.1 mm, and the angular distribution is spread by 0.5°
along the axial direction facing the target. The incident particle is γ, and the number is 2
× 107. When the distance between the target and the detector is 20 cm, the thickness of
the target is 1.25 cm, 2.5 cm, 3.75 cm, 5.0 cm respectively, and the simulation is carried
out without adding a thin lead shielding layer on the axial plane of the detector, as shown
in Fig. 7 for the detector energy spectrum.

Fig. 7. Detector energy spectrumwhen the target thickness is 1.25 cm, 2.5 cm, 3.75 cm and 5.0 cm

It can be seen from Fig. 7 that the change of target thickness has no significant effect
in the energy spectrum of the signal generated by the target, and the shape of the energy
spectrum after normalization has no significant difference. Secondly, in the experimental
measurement, the thickness of the sample is expected to be as thin as possible. The
purpose of thinning is to reduce the absorption of the γ-ray by the sample material when
it is transported in the sample, which is commonly referred to as “self-absorption” [6],
thin sample thickness can weaken the count stacking of the detector.

Adding a thin lead shield to the detector entrance window can reduce the low-
energy background from the target, thereby increasing the detector’s NRF count rate.
When the distance between the target and the detector is 20 cm, and the source term
is set as above, compare the NRF counts before and after adding a thin lead layer and
with different lead layer thicknesses (1.25 cm, 2.5 cm, 3.75 cm lead layer thickness),
as shown in the Fig. 8. It can be known that adding a thin lead layer to the detector
entrance window, with the increase of lead layer thickness, the shielding effect on the
low-energy background from the target becomes more and more significant. For low
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background counts, 1460.75 keV of low-background nuclide 40K, which is common
in the laboratory, is used as the counting threshold, and those below this threshold
are counted into statistics. The significance of this evaluation factor is to select the
maximum relative NRF photon rate to obtain a clearer energy spectrum through long-
term measurement in the experiment. The calculation results based on this evaluation
factor are listed in Table 2.

Fig. 8. The order from top to bottom and left to right is lead-free layer, 1.25 cm, 2.5 cm, 3.75 cm
lead layer thickness

Table 2. Thin lead layer thickness and count

Target thickness
[cm]

NRF count rate Low background
count

Evaluation factor Y Total count

0 81 6144 0.013 6636

1.25 44 400 0.110 711

2.5 26 129 0.202 301

3.75 27 105 0.257 267

Note: When the thickness is 3.75 cm, the number of incident particles is 3 × 107.

It can be seen from the Table 2 that as the thickness of the thin lead layer increases,
the low background count decreases rapidly, and the low background count changes
weakly after the lead shielding thickness reaches 2.5 cm; considering that the resonance
energy peak region of 238U and 235U is 1.5 MeV–2.5 MeV, the attenuation amplitude
should not be too large, and the thickness of the thin lead layer of 2.5cm is suitable.

5 Conclusion

In this paper, by analyzing the relationship between the physical process of X-ray excited
NRF process and setting different target parameters, shield thickness and detection effi-
ciency, the following conclusions can be drawn: (1)The yield ofNRFphotons is ~ 106/An
incident particle under the calculation conditions in this paper, which requires long-time
detection. Optimizing the parameters of the shielding material can improve the de-
spectral efficiency; (2) Optimized lead shield thickness for X-rays from accelerators. At
a thickness of 25 cm, the shielding effect can be improved. The main beam/background
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is ~ 6.3 × 108; (3) The thickness of the target has a weak influence on the detec-
tion efficiency, and the computational performance can be reduced in order to reduce
“self-absorption” and prevent wasted computing performance of emitted recoilless NRF
photons.

This paper provides a design method of an NRF backscatter detection scheme. The
advantages of this structure design are: on the basis of ensuring the NRF detection
efficiency, the design reduces the thickness of the shield, reduces the overall weight of
the equipment, and improves the feasibility and practicality of technology application.
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Abstract. Basedon the conclusions of small reactor environmental impact assess-
ment and social stability risk assessment of small reactors, this paper conducts a
special study on the public communication of small reactors. This article discusses
the work content, scope and form of public communication of small reactor, and
give suggestions on the scope and form of public publicity, public participation
and information disclosure. It ismatchedwith small reactor public communication
theoretical system and operation manual.

The research on the public communication work of small reactor can provide
necessary theoretical basis and technical support for the specific public commu-
nication work of small reactor. Provide decision support for local policies and
construction departments to implement public communication. It is hoped that
this study can provide some reference for the public communication of small
reactors in the exploratory stage.

Keywords: small reactor · public communication · NIMBY · EIA · SSRA

Nomenclature

EIA Environmental Impact Assessment
SSRA Society Stability Risk Assessment
MEE Ministry of ecological environment of the people’s Republic of China
NDRC National Development and Reform Commission of the People’s Republic of

China
PWR Pressurized Water Reactor
PAZ Precautionary Action Zone

1 Introduction

In order to expand the application scope of nuclear energy, ensure energy security and
meet the needs of low-carbon energy development, China has invested a lot of human
and material resources in the development of small reactors in recent years, and has
achieved a series of results. The natural avoidance effect of nuclear related projects and
the particularity of the utilization of small reactors, such as being close to cities and res-
idents, bring new challenges to public communication. If we simply copy the guidelines
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for public communication of nuclear power projects to carry out public communication
of small reactors, it is difficult for enterprises and local governments to bear such a
huge workload and resource investment, Therefore, it is necessary to study the public
communication of small reactors.

2 Relevant Background

In 2012, in order to promote scientific decision-making, democratic decision-making
and legal decision-making, prevent and resolve social contradictions, NDRC issued the
notice of the national development and Reform Commission on the Interim Measures
for social stability, risk assessment of major fixed asset investment projects, requiring
NDRC to approve or report to the State Council for approval. Fixed asset investment
projects constructed and implemented within the territory of the people’s Republic of
China shall be subject to SSRA.

The measures for public participation in environmental impact assessment issued by
MEE stipulates that the construction departments of reactor facilities and commercial
spent fuel reprocessing plants with a core thermal power of more than 300 MWth shall
listen to the opinions of citizens, legal persons and other organizations within a radius
of 15 km of the facilities or reprocessing plants; The construction departments of other
nuclear facilities and uraniummining andmetallurgy facilities shall listen to the opinions
of citizens, legal persons and other organizations within a certain range according to the
specific conditions of environmental impact assessment[1].

The guidelines for public communication of nuclear power projects issued by MEE
stipulates that public communication of nuclear power projects should pay attention to
the public within a certain range around the plant site (usually 30 km radius of the plant
site) that may be directly or indirectly affected by the project construction and operation,
and focus on the public within 5 km radius of the plant site [2].

In 2017, the national nuclear accident emergency office issued the guidance on
nuclear emergency work of onshore small PWR, which clearly put forward that “the
recommended range of small PWR emergency planning area shall not be greater than
3 km, and the specific range shall be proposed by the operating unit after systematic
demonstration and scientific calculation, and determined according to the specified
procedure”.

In the draft for comments on the principles and requirements for the division of
nonresidential areas and planning restricted areas of small nuclear power plants, for
light water reactors with a single reactor thermal power of less than 300 MWth, the
boundary of nonresidential areas can generally be consistent with the plant boundary of
nuclear facilities, and the distance from the reactor is generally not less than 100 m; The
distance between the boundary of the planned restricted area and the reactor shall not
be less than 1 km.

Arrangements for preparedness for a nuclear or radiological emergency (IAEA GS-
G-2.1) recommends that the PAZ with reactor thermal power of 100–1000 MWth is
0.5–3 km away from the plant site [3].
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3 Small Reactor SSRA

The 6 × 200 MWth small reactor project is planned and arranged at one time and
implemented by stages. Phase I project construction 2 × 200 MWth small reactor.
The social stability risk investigation scope of the project includes the interest related
groups directly and indirectly affected by the project,mainly including: residents, heating
enterprises, relevant heat users and other social organizations directly affected by the
siting, construction and operation of the project within 5 km of the project site, sensitive
objects around the project, including planters, farms, industrial and mining enterprises,
schools, hospitals, etc. And government departments in the project location and village
committees in the area around the plant site; Mass media and online new media in the
project site; Pay due attention to the opinions, suggestions and demands of non-local
residents on the project.

The personal questionnaire survey is mainly organized within 5 km around the plant
site and the urban area where the project is located. A total of 720 questionnaires were
distributed and 720 questionnaires were collected, of which 687 were valid question-
naires (invalid questionnaires were mainly due to lack of ID number, incorrect contact
information or incorrect information, etc.). The respondents are mainly men. The main
reason is that the household survey is generally filled in by men. The age distribution is
mainly middle-aged and young people, taking into account the actual situation of many
lefts behind elderly people in rural areas. The occupation is mainly farmers, taking into
account the distribution of enterprise and institution employees, individual industrial
and commercial households and other professionals. The education level is mainly from
junior high school to senior high school, which can effectively reflect the real opinions
and demands of the respondents. At the same time, there are a small number of highly
intelligent elements, which are representative and extensive. The main findings are as
follows [4] (Table 1).

Table 1. Classified statistics outcome of public’s attitude to project

Question Outcome Proportion Remarks

Do you understand that
this project is a nuclear
project

YES 62.6% 1 person did not fill in

NO 37.3%

How well do you know
the project

Very well 8.2% 2 persons did not fill in

Basic 28.4%

A little 38.4%

NO 24.7%

(continued)
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Table 1. (continued)

Question Outcome Proportion Remarks

Channels of
understanding of the
project

meeting 4.7% This topic is multiple
choice, and 3 persons did
not fill in

Notice 4.8%

Public discussion 76.6%

TV 0.9%

website 1.3%

Nuclear science
popularization activities

8.2%

micro-blog 0.6%

WeChat 11.6%

other 1.6%

Issues most concerned
about project
construction

environmental effect 39.7% This topic is multiple
choiceLand requisition

compensation
56.6%

Providing employment
opportunities

57.2%

Issues most concerned
about project
construction

conserve energy, reduce
emissions

3.5% This topic is multiple
choice

Nuclear safety issues 40.5%

Economic drive 23.0%

Safety and quality during
construction

11.8%

Stability of heating 24.0%

other 0.4%

The construction departments has carried out a small amount of popular science
publicity before this questionnaire survey, but the coverage is limited. According to
the questionnaire survey, more than half of the respondents understand that the project
is a nuclear power project, most of the respondents have a certain understanding of the
project, and a few respondents do not understand the project. The respondents understand
the project mainly through public discussion, WeChat and nuclear science populariza-
tion activities; Respondents focused on land acquisition compensation, employment
opportunities, environmental impact, nuclear safety issues, stability of heating, etc.

4 Small Reactor EIA

The environmental impact assessment of the small reactor shows that the radioactive
waste gas generated during normal operation is discharged into the atmospheric envi-
ronment through the chimney after being treated to meet the annual total emission limit
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specified in GB6249. The radioactive waste liquid generated is reused after being treated
to meet the radioactivity level and annual total emission limit specified in GB6249. If it
cannot be reused completely, it is discharged into the atmospheric environment through
carrier evaporation. The maximum individual effective dose caused by the discharge of
airborne effluent is less than 0.25 mSv, which meets the provisions of GB6249 and the
safety review principles of small pressurized water reactor nuclear power plant. At the
same time, it meets the public individual effective dose constraint value (0.02 mSv/a)
caused by two small reactors, and its radiation impact on the environment is acceptable
[5].

Within the duration of the site selection accident, the effective dose of public indi-
viduals (adults) at the site boundary is less than 10 mSv, and the thyroid equivalent dose
is less than 100 mSv, which meets the safety review principles of small PWR nuclear
power plant.

The emergency planning area is preliminarily divided into a small reactor centered
areawith a radius of 1 kmof the plant site. The feasibility analysis results of implementing
emergency plan at the plant site show that there are no insurmountable difficulties in
implementing off-site emergency plan for nuclear accidents.

5 Small Reactor Public Communication

According to the conclusions of EIA and SSRA of small reactor, special research on
public communication of small reactor is carried out, discussing the work content, scope
and form of public communication of small reactor, and suggesting on the scope and
form of public publicity, public participation and information disclosure. So Finally, a
complete theoretical system of small pile public communication is developed..

5.1 Work Scope

The public communication scope of small reactor includes the public, enterprises, insti-
tutions and social organizations that may be directly or indirectly affected by the project
construction and operation within 5 km of the plant site, focusing on the public, enter-
prises and institutions within 3 km. For nuclear heating reactors, attention should also
be paid to the residents around the heating pipeline and end users (relevant residents and
enterprises, etc.).

5.2 Work Content

The contents of public communication include public publicity, public participation,
information disclosure and public opinion response. The public communication work
should be guided by the local government, the construction company shall provide
relevant resource guarantee, and the professional technical company shall be responsible
for the whole process of technical consultation.

The public publicity shall be based on increasing the public’s understanding of
nuclear energy and the project, with the purpose of improving the public’s acceptability.
A combination of visits, exhibition halls, expert lectures and othermeans shall be adopted
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to ensure the full coverage of the public publicity objects. Before the publicity work is
carried out, the publicity objects should be reasonably and scientifically classified, so
as to make the publicity work more targeted, so as to achieve twice the result with half
the effort. At the same time, in combination with the social conditions and historical
contradictions of the project location, the local public’s acceptance of publicity contents
and methods should be fully considered, so as to achieve the purpose of both publicity
and risk control.

In principle, public participation should include questionnaire survey and sympo-
sium. The questionnaire shall be designed according to the project impact and public
concerns to ensure easy to understand and comprehensive content. The questionnaire
survey shall be determined according to the distribution of the resident population of
the public near the plant site and the impact of stakeholders. Generally, the individual
questionnaire shall be distributed by household. The questionnaire survey shall include
stakeholders, especially direct stakeholders (residents of land acquisition and demoli-
tion, enterprises and institutions affected by the project construction), and shall include
expert representatives of relevant government departments and professional institutions.
When selecting the respondents, we should consider the selection of individuals and
organizations with certain professional knowledge background and social level, and
also pay attention to the wide representation of the respondents in terms of age, gender,
educational background, occupation, etc. The specific number of individual question-
naires shall be decided based on the number of resident households around the project
site. Generally, it should not be less than 300.

Information disclosure shall be implemented with reference to the measures for
public participation in environmental impact assessment, guidelines for public commu-
nication of nuclear power projects and other relevant documents. It needs to be carried
out in the form of newspapers, websites and paper posts. The scope of paper posting
suggestions is the scope of public communication of the project. The posting place is the
bulletin board of relevant administrative village committee and township government,
and the postings last for 10 working days.

The construction company and local government shall establish a stability mainte-
nance linkage mechanism and a public opinion response system. Carry out daily public
opinion monitoring, conduct 24-h supervision during the information announcement,
study and judge the public opinion of the project as soon as possible, and report the
negative public opinion as soon as possible. During the publicity period, increasing the
update cycle and amount of information of government official websites, microblogs,
forums and popular science news can strengthen the effect of online popular science
publicity.

5.3 Work Suggestion

(1) Strengthen public publicity

Strengthen the popularization and publicity of the basic knowledge of nuclear energy
utilization, reduce and eliminate the public’s anxiety and fear about nuclear safety.
In view of the public’s doubts and concerns about nuclear safety and the impact of
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radiation on the environment, take the government as the leading role and cooperate
with enterprises, do a good job in the publicity, education and public opinion guidance
on nuclear safety and the impact of nuclear radiation, and constantly strengthen the
communication with the residents near the plant site. Carry out popular science publicity
in away acceptable to the local public. Pay attention to further strengthen popular science
publicity for heat users, carefully listen to the opinions of the public, answer questions
or questions in time, and improve the public’s understanding of nuclear heating reactor.
The public’s awareness and acceptability of nuclear heating will be improved through
visits and field visits. Strengthen information disclosure, ensure the public’s right to
know and participate in the safe production of nuclear heating reactors, and strive for
the public’s understanding and trust.

(2) Strengthen public opinion information monitoring

Strengthen the monitoring of public opinion information, especially pay attention to
the possible cross regional avoidance effect and a wide range of public opinion risks;
Reduce the dissemination and diffusion of negative public opinion of relevant projects
through the supervision and guidance of media public opinion.

(3) Mutual trust and benefit sharing among the three parties

Strengthen public relations management. Strengthen mutual communication and
consultation with the government, groups affected by the project construction and sur-
rounding residents. Strengthen the publicity of nuclear safety knowledge, optimize the
ways of information disclosure, improve the efficiency of information disclosure, and
enhance the public’s cognitive trust in the project. The construction company shall
actively fulfill its corporate social responsibility, strengthen the development assistance
of villages near the plant site, and try to localize the employment as much as possible,
so as to make the development benefits more benefit the surrounding people. On the
premise of law and regulation, local governments take the initiative to communicate and
exchange with construction units, timely inform public needs, and promote the construc-
tion of benefit sharing mechanism among the government, enterprises and the public;
We will promote the reemployment of landless farmers and ensure that the quality of
life of landless farmers does not decline.

6 Conclusion

Through the research on the public communication work of small reactors, we can pro-
vide necessary theoretical basis and technical support for the specific public communica-
tionwork of small reactors, also provide specific support for the implementation of public
communication work by local policies and construction company, and give opinions and
suggestions for the follow-up public communication work of small reactors.
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Abstract. Radon in the atmosphere is an important tracer in meteorology and
geology and an important index of environmental radioactivity level evaluation.
In this paper, NaI (Tl) scintillator detector was developed to directly measure
radon concentration in the atmosphere, and a mathematical model of atmospheric
radon gamma measurement was proposed, which solved the technical problem of
online real-time monitoring of atmospheric radon concentration. It has important
scientific and practical value.

In this paper, the characteristic gamma peaks of radon daughters 214Bi
(609.31 keV) and 214Pb (351.92 keV) are respectively selected to calculate the
radon concentration in the atmosphere. During the measurement period, the varia-
tion trend of radon concentration is the same as the theory, which suggests a higher
concentration in the morning and a lower in the evening. Finally, the experimental
measurement results were compared with the RAD7 radon measuring instrument.
The error range of this detection system is 79.73% smaller than that of RAD7 on
average, and its detection limit reaches 0.29 Bq/m3 with a 30-min-measurement
at room temperature. This paper proves that it is feasible to directly measure the
activity concentration of radon in the atmosphere. The atmospheric radon mea-
surement method proposed in this paper can accurately obtain the concentration of
atmospheric radon and has the advantages of convenience, large measuring range,
low detection limit, and online measurement.

Keywords: Radon concentration · Online measurement · Gamma-ray
measurement · Radioactivity of the atmosphere · Radon-in-air

1 Introduction

Radon and its daughters are members of the natural radioactive uranium and thorium
series and are one of the main sources of human natural radiation. According to a report
by the United Nations Scientific Committee on the Effects of Radiation, exposure doses
to radon and its daughters are about 1.3 mSv per year and are 54% of natural radiation.
The U.S. Environmental Protection Agency (EPA) lists radon and its daughters as the
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only major causes of lung cancer other than smoking. In 2005, R. Williamsfield et al.,
and David Hilld et al., reported that radon inhalation is directly related to lung cancer
[1, 2]. In recent years, with the improvement of people’s working and living environ-
ment, the harm of radon and its daughters has naturally become a hot issue, which is
concerned by all sectors of society. At the same time, radon in the atmosphere is also
an important tracer in many related research fields such as meteorology and geology. In
particular in seismology, earthquakes and similar geological activities such as volcanic
eruptions can affect the concentration of radon in the atmosphere, and the concentra-
tion of it is commonly used for earthquake prediction [3]. The time scale and scope of
these effects are often unclear, so rapid responses and long-term continuous measuring
of radon concentration in the atmosphere are also required. There are many kinds of
measurement methods of radon in the atmosphere, which can be classified into contin-
uous sampling method, instantaneous sampling method, and passive sampling method
by sampling method. For example, passive cumulative sampling is generally used for
long-term measurement of radon gas, whereas the active continuous sampling method
is used for continuous monitoring of radon concentration changes. And the measure-
ment methods also can be divided into thermoluminescence method, solid nuclear track
method, electret method, scintillation chamber method, electrostatic collection method,
and activated carbon box method by measuring principle.

In terms of the general situation, the thermoluminescence measurement method has
the advantages of being cheap, small-in-volume, no-radiation-source, and it’s easy to read
data, but the result obtained by thismethod is greatly affected by ambient temperature and
wind speed.The attenuationof thermoluminescenceover time and the trace radionuclides
contained in the encapsulated or fluorescent material will further reduce the accuracy
and reliability of the measurement results [4].

The solid track method has the advantages of low cost, small volume, and no-
radiation-source. It is generally suitable for large-scale radon measurement. However,
the disadvantage is also very obvious. In a low concentration area, the tracking number
will be easier to generate errors because of the small detecting area [5, 6].

The electret method has the advantages of low cost, small volume, and weight,
reusable and wide application range [6]. However, special care should be taken in
the storage and use of electret, and the natural background should be corrected before
measurement.

The scintillation chambermethodhas the advantages of a low lower limit of detection,
ease to use, and high accuracy [7]. However, the detector is large in size and heavy in
mass, and it is difficult to remove radon daughters deposited in the scintillation chamber.
Therefore, it must be corrected before carrying out a continuous measurement.

The electrostatic collection method has a low lower limit of detection and it’s easy
to integrate [8]. However, its collection efficiency is greatly affected by air humidity,
it must be equipped with a drying tube during measurement, and the drying tube must
be replaced frequently in the humid air. It is not suitable for long-term continuous and
unattended measurement.

The advantages of the activated carbon box method are that it is easy to use, can be
continued after cleansing, and can be used for large area radon measurement in batches.
The disadvantage is that the adsorption of radon by activated carbon is greatly affected
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by atmospheric conditions, and the radon concentration before the end of collection
contributes more to the measurement results by this measurement method [9].

The above measurement methods cannot meet the requirements of outdoor con-
tinuous measurement in situ because of the response time, measurement residues, or
measurement environmental conditions. This paper introduces a new field measurement
system of radon concentration in the atmosphere, which consists of a NaI (Tl) detec-
tor and directional detector, and can realize the field and continuous measurement of
radon concentration in the atmosphere. Calibration experiment and field measurement
are also carried out. In this paper, the working principle and performance of the system
are introduced in detail, and some field measurement results are given.

2 Materials and Methods

2.1 Measurement System

NaI (Tl) 

scintillator 

detector

PMT

MCA

computer

Shielding 

directional 

device

Fig. 1. Radon concentration measurement system for the atmosphere

As shown in Fig. 1, the whole measurement system is roughly composed of a detec-
tion part and a directional shielding part. The detection part uses a NaI(Tl) scintillator
detector, which is generally composed of three main components: NaI(Tl) scintillator,
photomultiplier tube, and pre-amplifier Circuit. NaI(Tl) scintillation detector workflow
is as follows:

(1) Produce fluorescence. After gamma-ray enter NaI(Tl) scintillator, it will generate
the photoelectric effect, Compton scattering, and electron pair effect with NaI(Tl)
scintillator, resulting in secondary charged particles. These charged particles can
ionize the atoms of the NaI(Tl) scintillator. When the excited atoms deactivate, they
will emit fluorescent photons.
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Fig. 2. Photos of measurement system entities

(2) Photoelectric conversion. The photoconductive materials and optical coupling
agents are used to transfer the fluorescent photons to the photocathode of the pho-
tomultiplier tube, and then the photocathode will emit photoelectrons when the
photoelectric effect is generated.

(3) Electronmultiplication. After passing through the photomultiplier tube, the number
of photoelectrons is changed from 1 to 104–109, so that a huge flow of electrons is
collected at the anode of the photomultiplier tube.

(4) Pulse shaping. The flow of electrons at the anode further forms an electrical pulse
signal on the load, which is then output through a pre-circuit.

Then the resulting pulse signal is analyzed by a single-channel pulse analyzer or
multi-channel pulse analyzer to form a gamma-ray spectrum.

Another part is the directional shielding device, the function of it is to shield and
exclude gamma-rays from the ground and surroundingbuildingmaterials. Figure 3 shows
the comparison between the spectrums after shielding and those without shielding, it can
be seen that the directional shielding device is effective in shielding gamma-rays from
most of the ground and surrounding building materials, such as the characteristic peak
of 40K shown in Fig. 1 can be blocked 75.78%, so the shielding effect of the directional
shielding is very obvious.

2.2 Principle

The most important step in calculating the detecting volume is to determine the 95%
attenuation thickness of the characteristic energy selected for calculating radionuclide
in air. Manjunatha et al. gave the following empirical formula for the mass attenuation
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Fig. 3. Comparison of gamma spectrums between the spectrums after shielding and that without
shielding with 8000 s measurement

coefficients of the gamma-raywith the energy of 0.1meV to 20meVpenetrating different
substances [10]:

μ

ρ0.1−20MeV
=

⎧
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1
�1E�2+�3
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1
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E+μ2

+ μ3(31 < Z < 37)

ψ1E
ψ2
E (38 < Z < 53)

χ1 exp(
χ2

E+χ3
)(54 < Z < 92)

(1)

In Formula 1, Z is the atomic number of the materials penetrated by gamma photon.
Δ, ρ, ξ , η, Ψ , and χ are nonlinear fitting parameters corresponding to the penetrated
substances with different atomic numbers, and some values of them can be found in
Table 1.

Shao Qiwei gave the transformation formula of the mass attenuation coefficient of
different media when studying the variation rule of point source gamma spectrum in the
air [11]:

μ = (
ρ

ρi
) · [μi + (C3 − 1) · τi + (C − 1) · κi] (2)

In the type C = z
zi
, ρi is the known density of the elemental substance of an element;

μi, τi, κi is the total attenuation coefficient, photoelectric effect attenuation coefficient,
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Table 1. Nonlinear fitting parameters of mass attenuation coefficients with the energy of 0.1–
20 meV and atomic number of 1–17

Z Δ1 Δ2 Δ3 R2

1 0.047982133 0.691880705 2.238642389 0.99

2 0.107417393 0.675949755 4.312357789 0.99

3 0.140243972 0.659953864 4.814931496 0.99

4 0.154706411 0.643613157 4.514027117 0.99

5 0.169836414 0.626296457 4.128023198 0.99

6 0.182339125 0.607519221 3.591093182 0.99

7 0.2128311 0.588115345 3.324194141 0.99

8 0.254511573 0.566099072 2.980792844 0.99

9 0.328662042 0.541807911 2.694584435 0.99

10 0.391679834 0.515722504 2.045656896 0.99

11 0.516585414 0.487557871 1.453406302 0.99

12 0.649524818 0.457794714 0.618606405 0.99

13 0.887895087 0.42549067 −0.380992808 0.99

14 1.169847578 0.391521387 −1.589755847 0.99

15 1.678263885 0.356046899 −3.219101428 0.99

16 2.311611291 0.319734571 −5.060422121 0.99

17 3.459415953 0.283349367 −7.809427731 0.99

and electron pair effect attenuation coefficient of an element elemental with the incident
gamma-ray of a particular energy, If K = (

ρ
ρi

) · (C3 − 1)τi + (C − 1) · κi K = (
ρ
ρi

) ·
(C3 − 1)τi + (C − 1) · κi, it can be formulated as:

μ = K · ρ

ρi
· μi (3)

When calculating the air attenuation coefficient in this method, the atomic number
of the converted elemental substance must be as small as possible, so this paper adopts
the mass attenuation coefficient of Al (Z = 13) for conversion calculation.

In the case of the same elemental substance, the attenuation coefficient μ of the
material has the following relationship with 95% attenuation thickness d:

μ = ln 20

d
(4)

According to the above formula, the 95% attenuation thickness of gamma rays of
given energy in air can be calculated.

Because the 95% attenuation thickness of gamma rays in the air is much larger than
the detector size, the detector can be regarded as a point detector. The detection volume of
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the detector is the volume of a spherical cone with a height of 95% attenuation thickness
and the apex angle of the directional shielding device is taken as the apex angle of the
detection volume. Thus, the characteristic energy air attenuation coefficient and 95%
attenuation thickness of the nuclides that may be detected are calculated, as shown in
Table 2.

Table 2. Air attenuation coefficient and 95% attenuation thickness of the corresponding radionu-
clide characteristic energy

Radionuclide species Characteristic energy
(keV)

Attenuation coefficient
of air (μ, × 10–5)

Attenuate 95%
thickness (d, cm)

214Bi 609.31 9.67 33175.64
214Pb 351.92 12.30 26065.98
7Be 477.59 10.80 29815.23
208Tl 2614.53 5.13 62483.13
40K 1460.75 6.60 48559.32

MCmethod is used to simulate the detection efficiency of each characteristic energy
detector, as shown in Table 3:

Table 3. The detection efficiency of each characteristic energy detector is obtained byMCmethod

Radionuclide species Characteristic energy (keV) Detection efficiency of the detector (ε, ×
10–9)

214Pb 351.92 7.52
214Bi 609.31 4.27

1764.49 1.85
40K 1460.75 2.24
7Be 477.59 6.29
208Tl 2614.53 1.52

The detected effective volume can be regarded as a spherical cone, and the formula
of gamma-ray measurement for atmospheric radon is established as follow:

AC = S

εηVt
(5)

In formula 5, AC is the activity concentration of 214Bi or 214Pb in the atmosphere,
and its value is equal to the activity concentration of 222Rn in the atmosphere after equi-
librium. S is a net area of the selected characteristic peak; ε is the detection efficiency of
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the detector for the selected characteristic energy; η is the branching ratio of character-
istic gamma rays; V is the detecting volume of the detector; t is the measurement time.
In formula 5, V can be obtained from formula 6:

V = 2π(1 − sin θ)d3

3
(6)

In formula 6, θ is half of the apex angle of the directional shielding device. d is the
thickness of the characteristic gamma-ray exposure rate in the air attenuates to 5% of
the incidence.

According to formulas 5 and 6, the activity concentration of radon and its daughters
in the atmosphere can be calculated by measuring the gamma spectrum.

2.3 In Situ Measurements

First, a fully enclosed lead chamber was built to measure the background gamma spec-
trum, and the lower limit of detection of the system was calculated. When the measured
radionuclide radioactivity level is close to the background, and the confidence level is
95%, the probability of the first- and second-class errors is 5% (Kα = Kβ = 1.645),
and the background and measurement time are the same, the lower limit of detection of
radionuclide activity concentration measured by gamma energy spectrum, LD, can be
approximated as:

LD = 4.65

εηV

√
nb
t

(7)

In formula 7, η is the branching ratio of characteristic gamma rays, V is the volume
of the sample to be analyzed, ε is the detection efficiency of the gamma-ray omnipotent
peak, nb is the background counting rate in the selected peak region measured within the
measurement time t, It includes the unshielded nuclides in the measurement system and
its surroundings, the counting rate of interference peak caused by high-energy cosmic
rays and the contribution of the continuous spectrum of other high-energy gamma rays
in the sample [12].

Subsequently, on-site measurement was carried out. The site selection of this exper-
iment needed to eliminate the influence of tall buildings around the measuring device as
far as possible, so the open-air parking lot of a university in Chengdu was selected as the
experimental measurement site. There are no tall buildings around the parking lot, and
the surrounding environment is empty. In this experiment, the activity concentration of
222Rn in the atmosphere, the atmospheric conditions, temperature, and humidity were
measured continuously for 10 days.

Preliminary analysis of the measured spectral line is mainly to check the nuclide
belonging to the obvious peak that can be detected in the spectral line, and the
results are shown in Fig. 4. From the gamma energy spectrum detected, it can detect
214Pb (351.92 keV), 214Bi (609.31 keV, 1764.49 keV), 40K (1460.75 keV), 208Tl
(2614.53 keV), However, the content of 7Be (477.59 keV) is low and cannot be clearly
displayed on the spectrum line due to the limitation of NaI(Tl) detector’s energy reso-
lution. The measured radionuclides include 222Rn and its daughters to be measured in
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this paper, as well as uranium-series, thorium-series, and non-series radionuclides 40K
that enter the atmosphere in the form of aerosols due to human production and life,
land dust suspension, etc. As can be seen from Fig. 4, in addition to the characteristic
energy peaks of 214Pb and 214Bi of 222Rn’s daughters, the characteristic energy peaks of
1460.75 keV of nonseries radionuclide 40K and 2614.53 keV of thorium daughter 208Tl
can be obtained by this spectrum line measurement.

Fig. 4. The measured gamma spectrum line and the characteristic energy peaks of the main
nuclides in 1 h

Then the spectra were solved and the activity concentration of 222Rn in the atmo-
sphere was calculated. The RAD7 was used to measure the activity concentration of
222Rn at the same time to compare the results.

The source terms of the uncertainty of themeasurement systemmainly come from the
uncertainty of the counts of gamma photons, the uncertainty of the detecting efficiency,
the uncertainty of the detecting volume, the uncertainty of the branching ratio of gamma
rays and the uncertainty of the measurement time. As shown in Table 4:

Table 4. The source terms of the uncertainty of the measurement system

The source
term of the
uncertainty

Counts Detecting
efficiency

Detecting
volume

Branching ratio Measurement
time

The value of
the
uncertainty

1/
√
S 0.005 0.005 0.013 0.00001



Study on a Non-collecting Atmospheric Radon Concentration Measurement System 1011

The uncertainty formula of radon activity concentration in the atmosphere of this
measurement system can be calculated according to the error transfer formula, as shown
in formula (8):

μ =
√

(
∂AC

∂S
)2δ2S + (

∂AC

∂ε
)2δ2ε + (

∂AC

∂η
)2δ2η + (

∂AC

∂V
)2δ2V + (

∂AC

∂t
)2δ2t (8)

3 Results and Discussion

The lower limit of detection of the measurement system is 0.29Bq/m3 with a measure-
ment time of 30 min, and it can be lower as the measurement time increases. At different
measuring times, the results of the measurement system and RAD7 radon detector are
drawn into a change curve, as shown in Fig. 5.

Fig. 5. The measurement data of RAD7 and this measurement system with a measurement time
of 30 min

As can be seen from the comparison results in Fig. 5, the radon concentrations
measured by this measurement system and the RAD7 have the same variation trend,
showing a high concentration at sunrise and a lowconcentration at sunset. The error range
of measurement results is 79.73% smaller on average than that of RAD7. From the above
results, it can be seen that this measurement system can realize online measurement and
has the advantages of being more convenient and faster.

Draw a line chart of the measurement data obtained by using this measurement
system for 3 days, and Fig. 6 is obtained:

In The Sichuan Basin, the inversion layer will form after sunset, and its thickness
will continue to accumulate before dawn. When the accumulation of the inversion layer
reaches the maximum, atmospheric turbulence will be inhibited, which weakens the
mixing effect of radon on the surface in the vertical direction, so the radon concentration
reaches the highest point at 6 to 8 o’clock. After sunrise, the sun makes the earth’s
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Fig. 6. Radon concentration change curve during 3 days

surface temperature rise faster than the air temperature, which let the inversion layer to
be disturbed, and let the mixing and vertical convection of the atmospheric turbulence
increase, so in the sunset time (17 to 18 o’clock) meet minimum atmospheric radon
concentration near the ground [13, 14]. We can be seen from Fig. 6, that the variation
trend conforms to the theory of radon concentration in one day. It shows that the detection
system is highly feasible.

4 Conclusions

In this paper, NaI(Tl) detectors were used to measure and calculate the concentration of
radon and its daughters in the atmosphere based on the radioactive decay equilibrium
principle and gamma-ray attenuation law.Comparedwith the traditional activated carbon
box method using a gamma spectrometer to measure radon and its progeny, the time of
collecting activated carbon or filter membrane is saved, which is more convenient and
faster.

In order to shield the gamma-rays from the surrounding soil and buildings, we devel-
oped a custom lead shielding device with a rotatable direction. Then the effective atmo-
spheric volume of the detector is estimated, and the MC method is used to simulate the
detector to obtain the characteristic gamma detection efficiency of the detector for the
selected radionuclides. Finally, the atmospheric radon concentration was measured in an
open-air parking lot of a university in Chengdu, and the atmospheric radon concentration
was calculated according to the established mathematical model of atmospheric radon
measurement. The daily variation of the measured radon concentration was preliminar-
ily analyzed, and the theoretical variation trend was consistent with the measured data,
which proved the feasibility of the measurement system.

The measured values of low radon concentration in the environment obtained by
this measurement system are compared with those obtained by the RAD7 detector. The
variation trend of the measured data is basically consistent, and the error range of this
method is 79.73% smaller than that of the RAD7 detector on average, which further
confirms the feasibility of this measurement system. This measurement system can be
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used for on-line monitoring of atmospheric radon concentration. Compared with other
measurement methods, its detection limit is lower, its measurement process is shorter,
more convenient, and faster.
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2020YJ0334).
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Abstract. Lead-based cooled reactors in most countries and some small reactors
at sea use helical tube steam generators. Compared with U-tubes, the convection
heat transfer coefficient in the spiral tube is higher, the structure is more compact,
and the secondary flow is generated under the action of centrifugal force and
gravity, which can achieve the effect ofwetting the innerwall of the tube. However,
due to the importance of the steam generator in the reactor and the complexity
of the flow and boiling in the helical tube, the aggregation behavior of bubbles,
the distribution of the two-phase interface and the secondary flow in the tube will
significantly affect the heat transfer characteristics, so the gas-liquid phase in the
tube is studied. Distribution, changes in heat transfer coefficients, and fluid flow
characteristics are very important.

In order to study the boiling heat transfer characteristics of helical once-
through steam generators under static and marine conditions to provide safe and
reliable energy supply for offshore facilities such asmarine floating, this study uses
STAR-CCM+ software, VOF method and Rohsenow boiling model to study the
heat transfer capacity andflowcharacteristics of flowboiling in a helical tube under
swaying and tilting conditions. The gas-liquid phase distribution characteristics,
secondary flow variation characteristics and convective heat transfer coefficient
of the fluid under different swing functions and inclined positions are obtained
by numerical calculation, and the law of physical parameters changing with the
cycle is found. The research results show that the secondary flow and heat transfer
capacity in the tube change with the cycle, and the change is most obvious at the
tube length of 0.8m. 5% of the normal condition; when the inclination angle is
45°, the maximum increase of the convection heat transfer coefficient is 16.8%,
and the maximum decrease is 6.6%.

Keywords: Helical tubes · Ocean conditions · Flow boiling · Secondary flow ·
Computational fluid dynamics

1 Introduction

The once-through steam generator (OTSG) is a bridge for heat transfer in the primary
and secondary circuits of the reactor, which can generate superheated steam, and the
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pressure stabilization does not require dehumidification. And compared with the natural
circulation steam generator, the structure is more compact, suitable for small spaces such
as ships, and has higher maneuverability to achieve rapid power change. Helical tube
once-through steam generators are used in many lead-based cooling reactors. Compared
with U-shaped tubes, the convection heat transfer coefficient in the spiral tube is higher
and the structure is more compact. More importantly, the fluid in the tube produces
secondary flow under the action of centrifugal force and gravity, which can achieve the
effect of wetting the inner wall of the tube [1–3].

In recent years, with the continuous development of two-phase computational fluid
dynamics (CFD) technology, there are more and more studies on the heat transfer model
of helical tube once-through steam generators. Kumar V et al. [4] studied the laminar
flow of the fluid in the helical tube, and found the non-uniform distribution of the flow
velocity in the tube, and obtained its influence on the heat transfer characteristics by
changing the placement method of the helical tube. Niu X J et al. [5] used the VOF
model to study the fluid flow and heat transfer characteristics of the helical tube under
full-side and half-side heating conditions.Chung Y J et al. [6] studied the relationship
between the pressure in the helical tube and the dryout, and found that the centrifugal
force caused the liquid film to move to the outside of the tube wall and the secondary
flow effect was obvious at higher mass flow rates. And the heat transfer coefficient
increases with the increase of pressure, but it is not obvious at low mass flow rate. The
experimental results are consistent with the experimental results obtained by Styrikovich
et al.Yang Yupeng et al. [7] used the fluid-structure interaction model of computational
fluid dynamics to simulate the flow and heat transfer characteristics of the helical tube
once-through steam generator. The obtained results are compared with Bartolomei’s
straight-tube boiling experiment and Santini’s spiral-tube boiling experiment, and the
errors of both are within 25%. And the numerical simulation of the liquid metal on the
shell side is verified with the lead-bismuth liquid metal heat transfer experiment of Xi’an
Jiaotong University, the Kalish-Dwyer relation and the Schad relation.

Due to the importance of the steam generator in the reactor and the complexity of
flow boiling in the helical tube, the aggregation behavior of bubbles, the distribution
of the two-phase interface, and the secondary flow in the tube can significantly affect
the heat transfer characteristics. So, it is very important to study the gas-liquid phase
distribution in the tube, the change of the heat transfer coefficient and the fluid flow
characteristics. Under ocean conditions, the force of the fluid in the pipe will change
significantly, which may have a significant impact on the heat transfer characteristics. At
present, there is a lack of research on the law of fluid flow and boiling in the spiral pipe
under ocean conditions. Therefore, based on the CFD method, this paper simulates the
heat transfer characteristics of the uniformly heated helical tube under the conditions of
swaying and tilting, and studies the variation law of the secondary flow and convection
heat transfer coefficient by changing the swaying function and the inclination angle of
the helical tube. The parameters such as flow and convective heat transfer coefficients
are analyzed to provide a reference for the subsequent research on the heat transfer of
spiral tubes under ocean conditions.
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2 Numerical Computation Model

2.1 VOF Model

In this paper, the VOF model is used to simulate the fluid. The VOF method is an
interface tracking method based on Euler grid. The immiscible fluids use the same set of
governing equations. By defining the phase volume fraction α, two or more Simulation
of a variety of immiscible fluids, tracking interphase interfaces. Typical applications
include the movement of large air bubbles in liquids, jet breakup phenomena, the flow
of liquids in the event of a dam break, and transient and steady-state simulations of any
gas-liquid interface [8]. The main assumptions of the model are:

(1) Each component fluid is immiscible, incompressible and does not undergo chemical
reaction;

(2) Each component fluid flows at the same speed, ignoring interphase slip;
(3) Each component fluid is in a state of thermal equilibrium.

For theVOFmodel, the fluid flow and energy transfer process follow specific govern-
ing equations. These equations are mathematical expressions of the physical properties
of the fluid, which determine the simulation process of the CFD software. The following
governing equations are used:

(1) Continuity Equation:

∂
(
αqρq

)

∂t
+ ∇ ·

(
αqρq �Vq

)
= Sα (1)

Sα—quality source term.

(2) Momentum Equation:

∂(ρ �V )

∂t
+ ∇ · (ρ �V �V ) = −∇ρ + ∇ · (τ ) + ρ�g + �F (2)

where: �V is the mass average velocity, which satisfies the following relationship:

�V = αlρl �Vl + αvρv �Vv

ρ
(3)

(3) Energy Equation:

∂(ρh)
∂t + ∇ · (ρh �V ) = ∂p

∂t + ∇ · (kt∇T )

+ (τ · ∇) �V + Sh
(4)

The physical parameters such as density, viscosity and specific heat at constant
pressure used in the process of solving the steam-water interface in the VOF model
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should be the volume-weighted average value, which can be calculated by the following
relationship:

ρ =
∑

i

ρiαi (5)

μ =
∑

i

μiαi (6)

Cp =
∑

i

(
Cp

)
iαiρi/ρ (7)

2.2 Turbulence Model

Considering that the flow in the helical tube is turbulent with high Reynolds number and
the possible secondary flow, the realizable K-Epsilon two-layer model is adopted in this
paper. The Realizable K-Epsilon Two-Layer Model is a combination of the Realizable
K-Epsilon model and the two-layer method, which improves the calculation of swirl
and separation flows compared to the standard K-Epsilon model, using two layers The
method can significantly improve the calculation accuracy in the low Reynolds number
region, and reduce the calculation error caused by the large difference between the
viscous bottom layer and the mainstream physical properties in the standard K-Epsilon
model [9].

The turbulent kinetic energy and turbulent dissipation rate in this model can be
calculated by:

The formula for calculating turbulent kinetic energy:

d
dt

∫
V ρkdV + ∫

A ρk(ν) · da = ∫
A

(
μ + μt

σk

)
∇k · da

+ ∫
V

[
Gk + Gb − ρ(ε − ε0 + γM ) + Sk

]
dV

(8)

Calculation formula of turbulent dissipation rate:

d
dt

∫
V ρεdV + ∫

A ρε(ν) · da = ∫
A

(
μ + μt

σε

)
∇ε · da

+ ∫
V

[
Cε1Sε + ε

k (Cε1Cε3Gb) − ε
k+√

νε
+ Sε

]
dV

(9)

2.3 Boiling Model

In this paper, the Rohsenow boiling model is used to simulate the flow boiling in the
tube. The Rohsenow boiling model in STAR CCM+ is combined with the liquid film
boiling model, so that the model is suitable for the nucleate boiling stage where the
wall temperature is only slightly higher than the liquid saturation temperature. It is also
suitable for The high wall temperature results in a liquid film boiling stage in which
a continuous film of vapor covers the heated surface. Its empirical relationship is as
follows [10]:

qbw = μlhlat

√
g(ρl − ρv)

σ

(
Cpl(Tw − Tsat)

CqwhlatPr
np
l

)3.03

(10)
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qbw is the wall heat flux in boiling heat transfer, w
/
m2;

μl is the hydrodynamic viscosity, Pa · s;
hlat is the latent heat of vaporization, J

/
kg;

ρl is the liquid density, kg
/
m3;

ρv is the steam density, kg
/
m3;

σ is the liquid surface tension, N
/
m, The size of the surface tension will affect the shape

of the bubble. In the three-dimensional space, the bubble is not strictly a sphere, and the
surface tension will reduce the area of the bubble and become closer to a sphere. In this
paper, the following relationship is used to calculate the surface tension [10]:

σ = 0.09537 − 2.24 × 10−6T − 2.56 × 10−7T 2 (11)

The total correlation coefficient of this formula is 0.9999, which has good correlation
with the data and is applicable in a wide temperature range.

Cpl is the specific heat of liquid, J
/

(kg · K);
Tw is the wall temperature, K;
Tsat is the Saturation temperature, K;
Cqw is the The empirical coefficient determined by the combination of liquid type and
wall surface, this paper takes 0.008;
Prl is the liquid Prandtl number;
np is the Prandtl number index, depends on the working fluid, this paper takes 1.

The steam mass production rate ṁew at the vaporization core is calculated by the
following relation:

ṁew = Cewqbw
hlat

(12)

Cew is the Model constant for the amount of heat flux required to generate bubbles.
Since the Rohsenow relation does not depend on the fluid temperature and the heat

in the computational domain is independent of the fluid temperature, exceeding its appli-
cable range may result in an unrealistically high heat flux, causing the fluid temperature
to be higher than the wall temperature. To prevent this, multiply the calculated heat flux
by:

max

[
0,min

(
Tw − T

Tw − Tsat

)
, 1

]
(13)

T is the Fluid temperature near the heated wall.

2.4 Swaying Model Under Ocean Conditions

The equations of motion and dynamics for swaying in ocean conditions are as follows:

x = θ0 + θm sin
( 2π t

T

)

ω = θm
2π
T cos

( 2π t
T

)

β = −θm
4π2

T 2 sin
( 2π t

T

) (14)
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where x, ω, β is the distance, angular velocity and angular acceleration, respectively.
The centrifugal acceleration of the fluid in the tube is determined by the following
relationship:

a = β · h (15)

Among them, a and h are the additional centrifugal acceleration of the fluid and the
height of the fluid element from the rotation axis, respectively.

Figure 1 is a schematic diagram of the swing motion under ocean conditions. The
main parameters affecting the swing of the spiral tube are the swing cycle, swing height
and maximum swing angle.

Fig. 1. Swing Motion Model Diagram

3 Validation of Numerical Models

3.1 Boiling Model Validation

Bartolomei (1980) used a vertical circular tube to conduct in-tube flow boiling exper-
iments, and there are perfect experimental data [11], which are easy to use for the
verification of the flow boiling model. As shown in the figure below, a model with a pipe
diameter of 12.03 mm and a height of 1m is established. The cold water flows through
the round pipe from bottom to top and is heated by the pipe wall. The feasibility of the
boiling model is verified by comparing the simulated data and experimental data of this
model (Fig. 2).

In this paper, two experimental conditions are selected from Bartolomei’s experi-
ments, and thermal parameters such as working pressure, inlet temperature and inlet
flow rate are determined for simulation to ensure the accuracy of the boiling model. The
parameters are shown in the table below.

After verifying the grid independence of the simulated pipe section, the working
conditions A1 and A2 in Table 1 are simulated, and the obtained data curve is compared
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Fig. 2. Schematic Diagram of Test Piece Geometry

Table 1. Bartolomei’s Experimental Parameter Table

Condition P
(MPa)

Tin
(K)

q
(MW/m2)

Gin
[kg/(m2·s)]

A1 6.89 495 1.2 1500

A2 6.89 519 0.8 1500

with the circular pipe boiling experiment conducted byBartolomei. The results are shown
in Fig. 3.

The cross-sectional cavitation fraction along the height direction is selected as the
monitoring quantity. From the results, it can be seen that the error between the simulated
data and the experimental data is larger at 0.65m under the A1 working condition, and
the errors at the other positions are smaller; under the A2 working condition, the error
before 0.7m is small, and there is a certain error after 0.86m. In general, considering
that the current boiling flow formulas in the tube have large errors and cannot obtain
very accurate simulation results, it can be considered that the boiling model is reliable
for simulating the flow boiling in the spiral tube.

3.2 Helical Tube Mesh Independence Verification

In order to make the used helical tube model have good accuracy and fast calculation
speed, the grid-independent verification must be carried out. Taking the operating con-
ditions of a small lead-bismuth fast reactor helical once-through steam generator as the
calculation condition [12], and taking it as a modeling reference, the specific thermal
parameters are shown in Table 2 below.

The cross-sectional mesh of the spiral tube model used for verification is shown in
Fig. 4. The polyhedral mesh generator and the prism layer mesh generator are used. The
thickness of the prism layer is 1 mm, the extension of the prism layer is set to 1.5, and
the number of prism layers is set to 7, change the base size to change the number of
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Fig. 3. Comparison between Simulation and Bartolomei’s Experimental Data

Table 2. Thermal Boundary Conditions used in the Simulation

Physical Parameters Symbol Unit Value

System Pressure P MPa 5.0

Import Temperature Tin °C 210

Import Speed vin m/s 0.665

Heat Flux q MW/m2 0.5

meshes. Monitor the convective heat transfer coefficient at 0.8 m and the cross-section
gas content α at the cross-section, and draw the curve of the two with the number of
grids, as shown in Fig. 5.

It can be found that when the number of grids is greater than 3 × 106, more stable
results can be obtained, and the basic grid size is 0.7 mm.

Fig. 4. Grid Schematic
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Fig. 5. Mesh Independence Verification of Helical Tubes

4 Analysis of Calculation Results

4.1 Analysis of the Change of Flow Heat Transfer Characteristics with Time

Taking the operating conditions of a small lead-bismuth fast reactor spiral-tube once-
through steam generator as the calculation condition, the specific thermal parameters are
shown in Table 2 above. The specific motion parameters of the simulated swing motion
are shown in Table 3.

Table 3. Swing Motion Parameter Table

Physical Parameters Symbol Unit Value

Swing cycle T s 7.0

Maximum Swing Angle φm deg 30

Swing Height H m 5.0

In order to avoid the possible instability of the calculation results of the first cycle,
take the time cycle from the swing motion to the second cycle to study. Draw the change
of the convection heat transfer coefficient of the spiral tube with time under ocean
conditions, as shown in the Fig. 6.

It can be found that the three convective heat transfer coefficients change most
obviously at about 0.8 m, and the fluctuation range is large. The convective heat transfer
coefficient here shows a significant increase and decrease with time. This is because the
displacement effect of the liquid phase on the gas phase under the action of the secondary
flow is not obvious when the gas content is small, and the secondary flow is less affected
by the swing motion when the gas content is large. The gas content here is relatively
moderate, which can make the secondary flow change more violently, so the influence
of the secondary flow is obviously different.
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Fig. 6. Convective Heat Transfer Coefficient Curves at Different Times

When t/T is 0.25, the secondary flow is strengthened under the action of swing
acceleration, so the convective heat transfer coefficient increases significantly compared
with the static state, and the increase range is 12.4%; similarly, when t/T is 0.75, the
secondary flowweakened, the convective heat transfer coefficient decreased by 5.0%. At
the same time, it can be seen that the convective heat transfer coefficient does not change
significantly after the tube length is 2 m, which is because the gas content is higher after
2 m, and the impact of the swing acceleration on the secondary flow is small.

Several circular sections were taken at a pipe length of 0.8 m to observe the change
of the secondary flow with the swing motion. As shown in Fig. 7 below, the ratio of the
motion time t to the swing cycle T in the second cycle is 0, Secondary flow cloud images
at 0.25, 0.5, 0.75 and 1.0:

It can be found from the figure that the secondary flow is the strongest when t/T is
0.25, and the weakest when t/T is 0.75. This is because the acceleration generated by the
former’s swingmotion is in the same direction as the acceleration generated by the fluid’s
circular motion in the tube, and the combined action of the accelerations strengthens the
secondary flow.

In order to further illustrate that the convective heat transfer coefficient and the
secondary flow are affected by the ocean conditions, the time-dependent curves of the
two at a pipe length of 0.8 m are drawn, as shown in Fig. 8:

In order to observe the effect of the swing motion on the temperature at different
times, the pipe wall surface and circular section near the pipe length of 0.8 mwere taken.
The temperature distributions of the wall temperature and fluid were observed when t/T
was 0.25 and 0.75, respectively, as shown in Fig. 9 and Fig. 10 show.

It can be found that the position of the maximum wall temperature at different times
has a certain deviation, and the peak position is closer to the upper part when t/T is
0.75. However, the maximum temperature values of the two are basically the same. The
maximum temperature of the pipe wall at a pipe length of 0.8 m is 637 °C when the t/T
is 0.25 and 0.75, while the minimum temperature of the wall is significantly different,
which are 560 °C and 570 °C, respectively.

The temperature cloudmap of the fluid circular section shows that the temperature of
the fluid does not change much in value, but its spatial distribution changes significantly.
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a t/T=0                    b t/T=0.25                    c t/T=0.5 

d t/T=0.75              e t/T=1.0

Fig. 7. Cloud Map of Secondary Flow with Time

Fig. 8. ConvectiveHeat Transfer Coefficient and Secondary FlowCurvewith Time at Pipe Length
of 0.8 m

When t/T is 0.75, it is closer to the upper part. This law is consistent with the distribution
law of the secondary flow and the peak temperature of the wall.
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Draw the curve of the average wall temperature along the length of the pipe with
time and its partial magnification, as shown in Fig. 11.

a t/T=0.25 b t/T=0.75

Fig. 9. Cloud Map of Wall Temperature at Different Times

a t/T=0.25 b t/T=0.75

Fig. 10. Cloud Map of Fluid Temperature at Different Times

Fig. 11. Wall Temperature Change Curve and Its Partial Magnification

From the laws of Figs. 9, 10 and 11, it can be found that the maximum value of the
wall temperature does not changemuchwith time, but the average temperature fluctuates
to a certain extent with time. This is because the highest temperature of the pipe wall
is located in the secondary flow stagnation zone, and the secondary flow changes have
little effect on it. The wall at the lower wall temperature is under the scouring of the
secondary flow, and the change of the secondary flow has a significant impact on it, and
the temperature change in the lower temperature region is also more obvious. In the
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range of tube length from 0.4 m to 1.2 m, when the secondary flow is strong, the wall
temperature is lower, and the average temperature drops by5 °C;when the secondaryflow
is weak, the average wall temperature is higher, and the average temperature increases
by 1 °C.

4.2 Influence of Ocean’s Inclination Condition on Heat Transfer Characteristics

The helical tube may be inclined for a long time in marine conditions, and when the
spiral tube is inclined, the centrifugal force in some positions will be strengthened by
the gravitational component, and some positions will be weakened. This will lead to
changes in the secondary flow, which in turn changes the heat transfer performance. As
shown in Fig. 12 below, the centrifugal force on the left is weakened by gravity, while
the right is enhanced.

The spiral tube was simulated at an inclination angle of 20° and 45°, and the spatial
distribution of gas and liquid phases was observed along the circular section of the tube
under some working conditions. As shown in Fig. 13 below.

Fig. 12. Force Analysis of Fluid in Spiral Tube in Inclined State

It can be found from the figure that the gas phase of the first section in the state of
tilting 45° is carried by the secondary flow, and the gas phase accumulation area is closer
to the horizontal axis of symmetry of the tube than the first section without tilt. This
is because the swing acceleration at this position is strengthened by the gravitational
acceleration component, so the secondary flow is stronger, and the gas phase is carried
by the secondary flow to approach the horizontal axis of symmetry.

In the sameway, the swing acceleration is weakened by the gravitational acceleration
component at the second section position in the state of tilting 45°, and the gas phase is
closer to the upper part of the circular section. On the third and fourth sections, the effect
of the secondary flow on the distribution of the gas and liquid phases is not obvious due
to the high content of the gas phase. The convective heat transfer coefficient distribution
curve along the tube length in the inclined state is made, as shown in Fig. 14:

It can be found that at the tube length of 0.8m, the convective heat transfer coefficient
is larger than that of the no-tilt condition due to the enhanced secondary flow due to the



1028 L. Yuan et al.

State

(a) No Tilt

(b) Tilt 45° 

Fig. 13. Gas-liquid Phase Distribution in Inclined State

Fig. 14. Convective Heat Transfer Coefficient Curve of Spiral Tube in Inclined State

gravitational acceleration component. Similarly, the reduction of convection heat transfer
coefficient can be seen at the tube lengths of 0.4 m and 1.2 m.

And it can be clearly found that the increase or decrease of the convective heat transfer
coefficient increaseswith the increase of the inclination angle.When the inclination angle
is 20°, the maximum increase of convection heat transfer coefficient is 9.5%, and the
maximum decrease is 1.8%. When the inclination angle is 45°, the maximum increase
of convection heat transfer coefficient is 16.8%, and the maximum decrease is 6.6%.
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5 Conclusions

In order to study the specific influencing factors of the swing motion on the heat transfer
characteristics of the helical tube, simulations were carried out under different swing
cycles, maximum swing angles and swing heights, and the exact effects of the three on
the heat transfer of the helical tube were verified.

For the inclined working condition, this paper mainly carries out the simulation
under the inclined angle of 20° and 45°, and draws certain conclusions according to
the distribution of cross-section gas content and the change of convective heat transfer
coefficient.

The main conclusions are as follows:

(1) When the swing motion is a sinusoidal function, the curve of the secondary flow
intensity at the local position in the pipe also presents a sinusoidal relationship,
reaching a maximum value in 1/4 cycle and a minimum value in 3/4 cycle. At
the same time, the distribution of gas content in the cross-section also shifted to a
certain extent.

(2) The convective heat transfer coefficient of the spiral tube under the swing motion
fluctuates with time, and the change is most obvious at the position where the tube
length is 0.8 m. However, the convective heat transfer coefficient of the middle
and rear pipe sections has little change. This is because the secondary flow is not
significantly affected by the swing acceleration when the gas holdup is high, and
the convective heat transfer coefficient at the rear position changes less than 1%.

(3) The fluctuation of the secondary flow intensity and the convective heat transfer
coefficient with time under the swing motion shows a high degree of consistency,
and the increase of the convective heat transfer coefficient at 0.8 m can reach 12.4%
of the normal condition, and the reduction is 5% of the normal condition.

(4) The peak value of the wall temperature under the swing motion basically does
not fluctuate, but the value at the lower wall temperature fluctuates greatly. When
the secondary flow is strong, the average wall temperature is low, and conversely,
the wall temperature is high. The main change positions of the wall temperature
are concentrated in the tube length of 0.4 m to 1.2 m, and the maximum change
temperature reaches 10 °C. At the same time, the position of the wall temperature
peak will shift cycleically with the swing motion.

(5) Under the inclined condition, the secondary flow at different positions of the spiral
tube is strengthened and weakened respectively, and the convective heat transfer
coefficient also changes accordingly. When the inclination angle is 20°, the max-
imum increase of convective heat transfer coefficient is 9.5%, and the maximum
decrease is 1.8%; when the inclination angle is 45°, the maximum increase of con-
vective heat transfer coefficient is 16.8%, and themaximumdecrease is 6.6%.When
the inclination direction of the spiral tube changes, the change of the convection
heat transfer coefficient may also change accordingly.
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Abstract. The NHR-200-II nuclear heating reactor is a multi-purpose small inte-
gral pressurized water reactor (iPWR) developed by the Institute of Nuclear and
NewEnergy Technology (INET) of TsinghuaUniversity. The design ofNHR-200-
II features a reactor core with thermal power of 200MW, in-vessel hydraulically-
driven control rods and passive residual heat removal (PRHR) systems, et.al. Pas-
sive residual heat removal experiments were conducted in a scaled integral test
facility for NHR-200-II. The PRHR experiments in the scaled facility were simu-
lated by a layered RELAP5 system model to study the flow characteristics of the
PRHR system in different primary fluid temperatures and different valve states.
The phenomenon of reversed flow occurred in some primary heat exchangers in
the numerical simulations when the primary fluid temperature was higher than cer-
tain level, which was consistent to the experiments. The simulated uneven outlet
temperature distribution of the primary heat exchangers was also consistent with
the experimental data when the isolation valves for the steam generator was kept
open. Thermal stratification effect in the headers of the PRHR system played an
important role in the phenomenon of uneven outlet temperature distributions, and
the layered RELAP5 model was proven to be an efficient method for preliminary
estimation of thermal stratification effect in the headers.

Keywords: NHR-200-II · Passive Residual Heat Removal System (PRHRS) ·
RELAP5 · Natural Circulation

1 Introduction

Various advanced smallmodular reactors (SMRs) are currently under development in the
worldwide, including the Westinghouse Small Modular Reactor (W-SMR) [1], NuScale
[2], SMART (System-integrated Modular Advanced Reactor) [3], mPower [4] and IRIS
[5]. NHR-200-II is also a new type of advanced SMRdesigned by the Institute of Nuclear
andNewEnergyTechnology (INET) ofTsinghuaUniversity, theNHR-200-II reactor can
be a safe, clean, affordable, and less carbon-footprint choice of nuclear power generation
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C. Liu (Ed.): PBNC 2022, SPPHY 283, pp. 1031–1045, 2023.
https://doi.org/10.1007/978-981-99-1023-6_87

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-1023-6_87&domain=pdf
https://doi.org/10.1007/978-981-99-1023-6_87


1032 Y. Geng and X. Liu

[6, 7], and the reactor can be used for district heating, power generation, process heat,
desalination, et al.

NHR-200-II has several engineered safety systems [7]. The passive residual heat
removal (PRHR) systems are key part of the safety features of the reactor. A series of
passive residual heat removal experiments have been conducted in a scaled integrated
test facility for NHR-200-II by INET [8, 9]. To explain the flow phenomenon in the
experiments, it was necessary to establish a detailed numerical model to analysis the
transient characteristics of the PRHR system in the scaled integral test facility of NHR-
200-II.

In this paper, a layered RELAP5model of the PRHR systemwas established, numer-
ical simulations with different primary fluid temperatures were carried out, and the
simulation results were discussed and compared to the experiments.

2 Design of the PRHRS Test Facility of NHR-200-II

The NHR-200-II reactor has two parallel intermediate circuits, and two parallel PRHR
columns are connected to each intermediate circuit. For the sake of simplicity, only one
of the PRHR columns was chosen for modeling. The schematic of the PRHR column
was shown in Fig. 1. The PRHR column consists of seven primary heat exchanger (PHE)
branches, a residual heat exchanger (RHE) branch and a steam generator (SG) branch. A
hot header and a cold header that connecting all the branches are arranged above the top
of reactor pressure vessel. The seven PHEs are placed inside the reactor pressure vessel,
and the RHE is a finned tube heat exchanger that is installed in the air-cooling tower of
NHR-200-II. PHEs are connected asymmetrically to the hot header and the cold header
by T-shaped junctions, and the steam generator (SG) is connected to the headers by low
resistance Y-shaped junctions. The RHE is connected between the hot leg and cold leg
of the SG. The pressurizer (PRZ) is placed at the highest location of the loop.

The PRHR column removes heat from the core by three coupled natural circulation
loops.Thefirst natural circulation loop is the natural circulationof theprimaryfluid inside
the reactor pressure vessel, the second natural circulation loop is the fluid circulation
in the PRHR loop (Fig. 1), and the third loop is the natural circulation of air in the
air-cooling tower.

An integral test facility was built to study the characteristics of the PRHR system
of NHR-200-II. Design of the test facility was similar to the original PRHR system
of NHR-200-II with some exceptions due to site and equipment limitations. The main
differences between PRHR system in the integral test facility and the PRHR system of
NHR-200-II were:

(1) The PRHR system in the integral test facility was a scaled model, the height ratio
is about 1:5, the hydraulic diameter ratio is about 1:3 for most pipes, the system
volume ratio is about 1:50, and the thermal power ratio of the integral test facility
is about 1:20 to that of the prototype.

(2) Temperature and pressure of the PRHRS of the integral test facility were slightly
lower than those of the prototype due to site limitations.

(3) The heat sink of the residual heat exchanger (RHE) in the test facility was water,
instead of air in the prototype.
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Fig. 1. Schematic Diagram of a PRHR system.

(4) The RHEwas a smooth tube-array heat exchanger in the test facility, while the RHE
was a finned-tube air cooler in the prototype.

(5) The number of PHEwas six for the test facility due to space constraints, while there
are seven PHE in the prototype.

The geometry information of key components of the integral test facility is
summarized in Table 1.

Table 1. Geometry Information of Key Components in the integral Test Facility of NHR-200-II

Components
name

SG PHE RHE Cold ring
header

Hot ring
header

Elevation (m) 3.05 (center)
(951P-953P)

0 (center) 1.427 (center) 2.198 2.432

Hydrulic
diameter
(mm)

118.0 60.0 76.0 92.0 92.0

Heat transfer
area (m2)

9360 39.8 8.09 / /

Tube/Pipe
length (m)

3.79785
(length of
heat transfer
tubes)

1.6 (length of
heat transfer
tubes)

2.76 (length of
heat transfer
tubes)

8.69 (length
of
the circular
pipe)

8.69 (length of
the circular
pipe)
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In the PRHR system of Fig. 1, there are four valves to switch branches, i.e. Valve1
at hot leg of RHE branch, Valve2 at cold leg of RHE branch, Valve3 at hot leg of SG
branch, andValve4 at cold leg of SGbranch.Thepumpof intermediate circuitwas located
behind the SG outlet, and the pump was used only on normal operating conditions. The
PRHR system can be triggered by opening isolation Valve1–2 and closing the Valve3–4.
However, possible failure in closing the Valve3–4 should be considered.

A series of scaled PRHR experiments were conducted with the primary fluid tem-
perature kept constant during each experiment. This was achieved by controlling the
reactor core at a low but constant fission power, and the core fission power was balanced
by adjusting the cooling capacity of the PRHR system, so the primary fluid temperature
was kept constant during each experiment.

The following conclusions were made depend on the experiment data:

(1) Reverse flow may occur in some PHE branches, and the heat removal capacity of
the PRHR system was significantly lower when reverse flow occurred.

(2) The outlet temperatures of PHE branches were significantly different once the SG
branch was not isolated.

(3) The outlet temperature of PHE branches were near equal if the SG branch was
isolated.

To explain those observations, transient flow characteristics of the PRHR systemwas
simulated with different combination of valve states (opening or closing) and different
primary fluid temperatures.

3 Numerical Model of the PRHRS Test Facility

A REALP5 model was setup according to the geometry and hydraulic parameters of
the PRHR system of the scaled integral test facility. The node diagram of the RELAP5
model was shown in Fig. 2. In this diagram, the six primary heat exchangers (PHEs)
were named with starting numbers of 1–6, and the cold header and hot header were
named starting with numbers 7 and 8 correspondingly.

Unlike other pipe components, the hot and cold headers in the test facilitywere closed
circular pipes, and the pipe diameter of the headers was significantly larger than other
pipe components, so possible local recirculation and thermal stratification may occur in
the hot and cold headers. To capture the secondary flow phenomena in the headers, a
layered model was used for the headers. The layered header model composed of three
layers that arranged vertically, and the center layer was connected to its neighborhoods
to simulate vertical flow mixing at low flow rates. The schematic diagram of layered
model for the headers was shown in Fig. 3.
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Fig. 2. The Overall Figure of Node Diagram of PRHRS.

(a) Schematic of the hot header. 

(b) Schematic of the cold header.

Fig. 3. Node Diagram of Hot and Cold Header with Layered Model.
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4 Numerical Simulations and Analysis of Results

All numerical simulations were divided into four stages through the control of the target
flow rate of pump (976TJ) and the control of the valves of V1 ~ V4.

(1) In the first stage (0–100 s), the PHE and SG branches were put into operation, where
the valves of V1 and V2 were closed and the valves V3 and V4 were opened. The
SG branch and PHE branches were driven by the pump 976TJ. The mass flow rate
of the pump was ramped from zero to a maximum of approximately 32 kg/s. At
this stage the pressurizer PRZ1 was put into operation.

(2) In the second stage (100–600 s), the pump 976TJ was gradually stopped but the
RHE branch was failed to put into operation (the valves of V1 and V2 were failed
to open). The loop was in natural circulation mode between the six PHE branches
and the SG branch.

(3) In the third stage (600–2700 s), the RHE branch was successfully put into operation
by opening the valves of V1 and V2, however, the isolation valves of V3 and V4
were assumed failing to close in this stage. In this stage, the PHE branches, the
PHE branch and the SG branch were all running. The purpose of this stage was to
simulate the case of isolation failure of the SG branch.

(4) In the fourth stage (2700–5000 s), the SG branch was switched off by closing the
valves of V3 and V4. In this stage, the loop was in natural circulation mode between
the six PHE branches and the RHE branch.

The temperatures were set to 298.15 K for the RHE secondary fluid, and 453.15 K
for the SG secondary fluid.

15 different primary fluid temperatures in PHEs were set in 15 cases. The primary
fluid temperatures simulated were 327.15 K, 353.15 K, 368.15 K, 383.15 K, 398.15 K,
413.15 K, 427.15 K, 443.15 K, 458.15 K, 473.15 K, 488.15 K, 503.15 K, 522.15 K and
527.15 K.

The mass flow rates of each branch during different stage were shown in Fig. 4. The
flow directions in Fig. 4 were specified as follows. For PHE branches, the flow rates were
positive when fluid flows from cold header to hot header. For the RHE branch and SG
branch, the flow rate was positive when the fluid flows from hot header to cold header.

In the first stage (0–100 s), due to the existence of hot and cold headers, the steady-
state flow rates of each PHE branch were slightly different (Fig. 5).

In the second stage (100–600 s), as primary fluid temperature increased, the tempera-
ture difference betweenPHEandSGdecreased gradually, so the flow rates of each branch
decreased gradually (Fig. 6). The stability behavior of the PRHR system depended on
the primary fluid temperature. The loop was stable when the primary fluid temperature
was lower than 458.15 K, i.e. the SG secondary fluid temperature. The flow rates of PHE
branch and SG branch oscillated and gradually decayed to zero when the primary fluid
temperature was higher than 458.15 K.

In the third stage (600–2700 s), all the branches of the PRHR system were running,
including the SG branch, the RHE branch and the PHE branches.
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ThePRHRsystem in this stagewas found to be stable as the primaryfluid temperature
were between 327.15 K and 383.15 K. Steady flow rates of each branch under different
primary fluid temperatures were shown in Fig. 7.

The flow rates in each branch of the PRHR system oscillated with decreasing
magnitude when the primary fluid temperature is 458.15 K.

The flow rates of each branch of the PRHR system became steady after an initial
unstable period for the primary fluid temperature range from 473.15 K to 533.15, and
the flow rates of 2#PHE, 3#PHE, 4#PHE and RHE branches were positive, while flow
rates of other PHE branches, i.e. 1#PHE, 5#PHE, 6#PHE, were negative (Fig. 8).

In the fourth stage (2700–5000 s), the steam generator was isolated from the PRHR
system. The PRHR system became stagnated when the primary fluid temperature was
in the range of 327.15 K to 458.15 K. In the primary fluid temperature of 473.15 K to
527.15 K, the flow in the PRHR system became steady-state with reverse flow in some
PHE branches (Fig. 9), and the reverse flow occurred in the 1#PHE, 4#PHE, 5#PHE and
6#PHE. The flow rates of each branch increased with primary fluid temperature. The
flow rates in the reversed PHE branches were basically the same value, while the flow
rates in the positive PHE branches were different (Fig. 9).

Thermal stratification effect in the hot and cold ring headers and corresponding
Y-junctions was shown in Fig. 10 and Fig. 11, where the temperature contours of the
headers and the Y-junctions were plotted for primary fluid temperature of 522.15 K.
It was clearly shown in Fig. 10 and Fig. 11 that the layered header model can capture
some detail of local flow phenomena in the headers and Y-junctions, such as thermal
stratification or local recirculation.

It was observed in the scaled PRHR experiments that the outlet temperatures of
the six PHE branches were significantly uneven if the SG branch was not isolated,
while the outlet temperatures were nearly equal if the SG branch was isolated. In the
numerical simulations, the phenomenon of uneven outlet temperatures of PHE branches
were successfully captured in the third stage (600–2700 s in Fig. 12), and the outlet
temperatures of PHE branches were nearly equal in the fourth stage (2700–5000 s in
Fig. 12). The numerical simulations agreed the experimental data quantitively.

(a) 327.15K (b) 353.15K

Fig. 4. Mass Flow Rate of Each Branch at Different Primary Fluid Temperature.
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Fig. 4. (continued)
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Fig. 4. (continued)
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(o) 533.15K

Fig. 4. (continued)

Fig. 5. Mass Flow Rate of Each Branch at Primary Fluid Temperature of 327.15 K.
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Fig. 6. Steady Mass Flow Rate at the Second Stage (PHE 327.15–443.15K, t = 500.0 s).

Fig. 7. Steady Mass Flow Rate at the Third Stage (PHE 327.15–383.15 K, t = 2000.0 s).

The uneven outlet temperatures of the PHE branches in the third stage can be
explained by the reverse flow in some PHE branches and the thermal stratification effects
in the headers. Significant thermal stratification occurred in the third stage, since the fluid
from SG branch can flow into the lower part of the cold header or hot header through
the low-resistance Y-junctions in the headers. In the fourth stage, since the valves of
the SG branch closed, the thermal stratification phenomenon in the headers became
insignificant, and the outlet temperatures of PHE branches became the same value.
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Fig. 8. Steady Mass Flow Rate at the Third Stage (PHE 473.15–533.15 K, t = 2000.0 s).

Fig. 9. Steady Mass Flow Rate at the Fourth Stage (PHE 473.15–533.15 K, t = 4000.0 s).
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(a)  Temperature of Cold Header -2000s. 

(b) Temperature of Y-Junction of Cold Header 
(939P-941P/839P-841P/739P-741P) -2000s. 

Fig. 10. Thermal Stratification of Cold Header and Y-Junction.

(a) Temperature of Hot Header -2000s. 

(b) Temperature of Y-Junction of Hot Header 
(943P/843P/743P) -2000s. 

Fig. 11. Thermal Stratification of Hot Header and Y-Junction.

5 Conclusions

In this paper, a layered RELAP5 model was developed for the PRHR system of a scaled
test facility for the NHR-200-II reactor. Numerical simulations were carried for both the
PRHR scenario of SG branch isolated and the PRHR scenario of SG branch not isolated.
The main conclusions include:

(1) For the case of SG branch not isolated, the numerical simulations shown that the
outlet temperatures of all PHE branches were significantly uneven (600–2700 s in
Fig. 12), and for the case of SG branch isolated, the outlet temperatures of PHE
branches were nearly equal (2700–5000 s in Fig. 12). In both cases, the numerical
results were qualitatively consistent with the experimental observations.

(2) The primary fluid temperature has a significant impact on the PRHR system. The
phenomenon of reversed flow occurred in some PHE branches when the primary
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(a) 473.15K

(c) 503.15K
(d) 522.15K

(e) 527.15K (f) 533.15K 
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Fig. 12. PHE Branch Outlet Temperature Dispersion (PHE 473.15–533.15 K).

fluid temperature was higher than 473.15 K (Fig. 8 and Fig. 9), which was also
consistent with the experiment observations.

(3) The uneven outlet temperatures of the PHE branches when the SG branch was
not isolated can be explained by the reverse flow in some PHE branches and the
thermal stratification effect in the headers. The layered RELAP5 nodalization for
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the hot and cold headers can be used as a preliminary estimation method of the
thermal stratification effect, however, detailed 3-dimensional CFD methodology is
still necessary to accurately capture the phenomenon of thermal stratification in the
hot and cold headers of the PRHR system.
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Abstract. Floating nuclear power plant (FNPP) is a movable nuclear power plant
built on the floating platform, which can provide clean and stable power for remote
coastal areas, and are currently a hot research topic in the field of nuclear power.
The steel containment is located in the reactor compartment of the FNPP and
it is an important safety guarantee structure. Fatigue and fracture have been an
important issue for ship and offshore structures for a long time. Fatigue failure of
containment will have serious consequences.

In order to research the fatigue life analysis method of steel containment of the
first FNPP in China, the paper adopts miner linear cumulative damage theory and
spectral analysis method, based on theAmerican Society ofMechanical Engineers
(ASME) standards and relevant standards of China Classification Society (CCS),
and uses AQWA to analyze Wave load of FNPP. The hydrodynamic calculation
results are imported into finite element model to analyze the structural response
of each point of containment, and calibrate the transfer function data of each
key point by using the linear system theory and regular wave periodic evaluation
method. The fatigue analysis of each point is carried out according to the transfer
function and the wave dispersion diagram drawn by the forty years monitoring sea
conditions of the working sea area of the FNPP. The result shows that the fatigue
life of steel containment is superior and meets the service requirements.

Keywords: Floating nuclear power plant · Containment vessel · Fatigue
analysis · Transfer function · Regular wave simulation method

1 Introduction

With the continuous adjustment and optimization of China’s energy structure and the
continuous promotion of the strategy of strengthening the country through the sea, it
is increasingly difficult for traditional fossil energy sources as well as emerging energy
sources such as wind, wave and solar energy to meet the energy demand brought by
the development of coastal oil and gas resources and islands. Offshore floating nuclear
power plant refers to a movable floating marine platform equipped with nuclear reactor
and power generation system, which is a product of the organic combination of mobile
small nuclear power plant technology and ship and marine engineering technology. As

© The Author(s) 2023
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early as in the 1970 s, researchers in the United States proposed the idea of floating
nuclear power plants [1], and the world’s first floating nuclear power plant ‘Akademik
Lomonossov’ was also launched in Russia in 2016 [2]. In floating nuclear power plants,
a sealed steel containment structure is usually installed to wrap around the reactor and
other auxiliary power generation equipment structures to protect the reactor from nor-
mal operation as well as to protect the external environment. Compared to traditional
onshore containment, the environment and loads on the small steel containment and sup-
port structure of an offshore floating nuclear power plant are very different, especially
because the complexity of the marine environment leads to more complex loads on the
containment and support structure.

The alternating loads caused by these complex sea conditions may cause fatigue
damage to the structure and generate cracks, which in turn threaten the safety of the
floating nuclear power plant structure and cause the structure to fracture when the cracks
expand to a certain extent, resulting in serious accidents. Floating nuclear power plants.
However, there are few studies on the fatigue of floating nuclear power plant containment.
Therefore, in order to ensure the operational safety of floating nuclear power plants and
protect the surrounding personnel and external environment from nuclear radiation, it
is important to carry out research on the fatigue assessment method of floating nuclear
power plant steel containment in marine environment to ensure the safe operation of
floating nuclear power plants during the design life and reduce economic losses.

The current fatigue assessment methods for marine structures can be divided into,
simplified algorithm [4], design wave method [5] and direct calculation of spectral
analysis method, among which spectral analysis method has the advantages of high
accuracy and can reflect the specific structural details of the ship is widely used in the
field ofmarine engineering, previouslyHadi andYanget al. used spectral analysismethod
for fatigue reliability analysis of marine platforms [6, 7], Zhang et al. used the spectral
analysis method to evaluate the fatigue strength of a small waterline surface catamaran
[8]. In contrast, in the study of nuclear power system pressure-bearing equipment, the
transient method is usually used to assess its fatigue damage because its stress response
time course is easily accessible [9, 10].

In this paper, based on the above research, the fatigue reliability study of a type
of floating nuclear power plant containment is carried out by combining the spectral
analysis method commonly used inmarine engineeringwith the fatigue strength analysis
of floating nuclear power plant containment, while referring to ship-related codes and
ASME-related codes [11], using the regular wave simulation method.

2 Fatigue Strength Spectrum Analysis Method

2.1 Spectrum Analysis Method

The FNPP has a complex working environment and is subjected to the combined action
of wind, wave and current. The main part of the fatigue load that causes the fatigue
failure of the containment structure of the FNPP is the wave load. The key points of
evaluating the fatigue strength of the containment of FNPP are the selection of wave
spectrum, the calculation of transfer function and the calculation of fatigue damage.
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Spectrum analysismethod is a commonly usedmethod in ship and ocean engineering
to study load and structural response. Its theoretical basis is the linear system transfor-
mation in random process theory. The method firstly obtains the power spectral density
function (PSD) of the structural stress response, after that establishes the relationship
between the stress response power spectral density function and the rain flow stress range
distribution, and then selects a suitable S-N curve and Miner cumulative damage theory
to calculate the fatigue damage of the structure (Fig. 1).

Fig. 1. Fatigue analysis flow

The FNPP can be regarded as a typical dynamic system in ships and offshore engi-
neering structures. The wave process a acting on the hull is the input of the system,
and the alternating stress B caused by the wave action in the structure is the response
of the containment. In general, the relationship between the response process of the
containment and the wave load input process of the FNPP can be written as:

X (t) = L[η(t)] (1)

where, B represents the operator that transforms C into D. When e is a linear operator,
the system is linear.

In the fatigue analysis of ship structure, the calculation of wave load and struc-
tural response are based on linear theory. Under this condition, if the wave is a stationary
random process, the alternating stress obtained by transformation is also a stationary ran-
dom process. According to the random process theory, there is the following relationship
between the power spectral density functions of two stationary random processes:

GX (ω) = |H (ω)|2 · Gη(ω) (2)

In function (2), H (ω) is a transfer function or frequency response function of linear
dynamical system. |H (ω)|2 is response amplitude operator (RAO).

The physical meaning of H (ω) is the ratio of the amplitude of the response process
to the amplitude of the input process when the linear dynamic system vibrates with a
circular frequency of ω.

2.2 Wave Spectrum

For the spectral analysismethod for fatigue assessment of ship structures, since the FNPP
is located in a shallow water depth and the wave dispersion diagram is the joint distri-
bution of meaningful wave height and spectral peak period, the improved JONSWAP
spectrum is selected for analysis, and its expression is as follows:

S(f ) = βJH
2
1
3
T−4
P f −5 exp[−5

4
(TPf )

−4]γ exp[−(
f
fP

−1)2
/

2σ 2]
(3)
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In function (3):

BJ = 0.06238

0.23 + 0.0336γ − 0.185(1.9 + γ )−1 [1.094 − 0.01915 ln γ ]

γ is the crest factor, mean value is 3.3.
σ is the peak shape parameter.When the frequency is on the left side of themaximum

value point, it is taken as 0.07, andwhen the frequency is on the right side of themaximum
value point, it is taken as 0.09.

2.3 Regular Wave Simulation Method

The transfer function is determined by the system through experiments under the action
of rule input or random input, or by the system’s theoretical analysis of rule input.
Based on the regular wave test method in the pool test, we propose the regular wave
simulationmethod, that is, using thewave load calculation program toobtain the response
of the ship motion and external hydrodynamic pressure of a series of regular waves
arranged according to a certain initial phase interval under the heading angle and circular
frequency. The external hydrodynamic pressure and various inertial forces related to the
motion of the hull are applied to the finite elementmodel of the hull structure to obtain the
stress response. For the stress response of a series of regular waves under the heading
angle and circular frequency, the maximum stress response at the point is fitted by
Fourier transform, and the stress amplitude of the heading angle and circular frequency
can be obtained. The value of the transfer function under the heading angle and circular
frequency can be obtained by comparing the obtained stress amplitude with the wave
amplitude.

2.4 Fatigue Cumulative Damage Calculation and S-N Curve

After obtaining the damage caused by each cycle, the selection of a suitable fatigue
accumulation damage theory is also one of the core elements of fatigue calculation.
The S-N curve and the fatigue cumulative damage analysis method of linear cumulative
damage theory are commonly used to evaluate the fatigue of structures in the codes of
classification societies of various countries.

When the fatigue load spectrum is expressed as a continuous probability density
function corresponding to a certain period of time, the fatigue cumulative damage degree
can be expressed as

D =
∫

L

dn

N
=

∞∫

0

NLfS(S)dS

N
= NL

∞∫

0

fS(S)dS

N
(4)
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S is the stress range, is the probability density function of the stress range distribution,
is the number of cycles required to achieve fatigue failure under a single cyclic load with
a stress range of, is the total number of cycles of the internal stress range during the
whole time period considered, is the number of cycles of the included stress range,
and represents the integral of the whole time interval considered. According to the
cumulative damage theory, when the damage degree is accumulated, the fatigue failure
of the structure will occur.

The S-N curve is often used to reflect the relationship between the stress range S and
the number of cycles required for the structure to achieve fatigue failure under a single
cyclic load at the level of the stress range, i.e. the fatigue life n. It is generally obtained
by fitting the fatigue test results. A large number of research results show that under a
given stress range s, the discrete type of the parameter m is small and can be regarded as
a certain value, the fatigue life n and parameter a should be treated as random variables,
and it is generally considered that n obeys lognormal distribution. Expressed as

NSm = A (5)

Take logarithm on both sides of the equation

lgN + m lg S = lgA (6)

Equation (6) is a commonly used double log-linear model of the S-N curve. The
small steel containment material studied in this paper is Steel-SA-738Gr.b. Therefore,
the parameters are referred to the appendix of ASME BPVC Volume III [11].

The tensile strength of Steel-SA-738Gr.b is 585-705mpa. According to the S-N
curves, the S-N curve of the material can be obtained by interpolation. The curve is
transformed into a double logarithmic linear form, taking m = 3 and a = 11.464.

3 Containment Fatigue Strength Analysis

3.1 Hydrodynamic Analysis

The structural hydrodynamic model is shown in Fig. 2. The right-hand rectangular coor-
dinate system is used. The origin is taken at the intersection of the intersection line of the
longitudinal section and themiddle transverse section of the platform and the base plane.
The X axis is the longitudinal axis, and the point from the tail to the head is positive;
Y-axis is the transverse axis, and it is positive from the centerline to the port; The z-axis
is the vertical axis, and upward from the base is positive.

For model hydrodynamic analysis, AQWA software is used for hydrodynamic anal-
ysis of FNPP. During frequency domain hydrodynamic calculation, the minimum fre-
quency of each wave direction is set at 0.01592 Hz and the maximum frequency is set
at 0.27 Hz, with a total of 50 frequency points.

The frequency response curve of the longitudinal bending moment of the middle
hull cross-section (x = 0.328 m cross-section) of the reactor bay at 0° wave incidence
angle is shown in the following Fig. 3:
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Fig. 2. Hydrodynamic model of FNPP.

Fig. 3. Frequency response curve of longitudinal bending moment (0° wave incidence angle)

Taking 0° wave incidence angle as an example, it can be seen from the calculation
results that the peak longitudinal bending moment in the transverse section of the hull
in the middle of the stack is about 6.169*108 N*m under 0° wave incidence angle and
unit wave amplitude, and the corresponding wave frequency is 0.0574 Hz. Another
longitudinal bending moment value at the waistline is 3.425*108 N*m corresponding
to the wave frequency of 0.03147 Hz, and the longitudinal bending moment value is
3.035*108 N*m corresponds to a wave frequency of 0.0937 Hz.

3.2 Selection of Fatigue Damage Assessment Points

Thefinite elementmodel of the FNPP structure is constructedwith shell181 and beam188
elements. The mesh size of the bottom and supporting parts of the containment is 0.1
M, the mesh size of the upper part of the containment is 0.2 m, and the mesh size of the
rest parts is 0.8 m. The total number of elements on the ship is about 1.56 million. The
finite element model of the containment is shown in Fig. 4.
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Fig. 4. Structural finite element model.

Since the spectrum analysismethod needs to superimpose all working conditions and
the number of structural finite element nodes is very large, according to the hydrodynamic
calculation results and the longitudinal bending moment diagram, the wave load files of
0.03147 Hz, 0.0574 Hz and 0.0937 Hz in all wave directions are selected to be loaded
on the whole ship finite element model of the FNPP without preload and hydrostatic
pressure, and the calculation results are obtained. Select the stress concentration node
as shown in Table 1:

A local refinement of the grid near the evaluation point of the model is shown in
Fig. 5.

3.3 Fatigue Life of Containment

Wave scatter diagram is a common method to describe the marine environment in ship
and ocean engineering. Table 2 shows the monitoring data of the nearby platform in
the sea area where the floating nuclear power plant works. In the table, Hs denotes the
meaningful wave height and Tp denotes the spectral peak period.

The long-term distribution of the stress range within the design life of the FNPP
containment can be obtained from the short-term distribution combined with the distri-
bution of various sea conditions that may be encountered in operation. In a given sea
state, the ship may sail in any course. In the calculation, several courses are divided, and
it is assumed that the probability of each course is equal.

The FNPP can set a course every 15° from 0° to 360° in the marine environment.
There are 24 courses in total, and the probability of each course angle is 1/24. In order to
simplify the calculation, the FNPP, as a symmetrical structure, can simplify the structural
response caused by the symmetrical course. Therefore, in the actual calculation, take a
course every 15° from 0° to 180°, a total of 13 courses, of which the probability of 0°
and 180° is 1/24, and the probability of other courses is 1/12 (Fig. 6).

Therefore, in the regular wave experimental simulation method, AQWA software
is used to calculate the response of hull motion and external hydrodynamic pressure
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(a)Refined finite element mesh at point 1 (b)Refined finite element mesh at point 2

(c)Refined finite element mesh at point 3 (d)Refined finite element mesh at point 4

(e)Refined finite element mesh at point 5 (f)Refined finite element mesh at point 6

Fig. 5. Finite element refinement mesh

Fig. 6. Schematic diagram of wave incidence angle.

of a series of regular waves with unit wave amplitude of 1 at each heading angular
circular frequency arranged at a certain initial phase interval, the phase is taken as 0° to
360° with 45° interval, 8 regular waves at each wave direction frequency, and the wave
load file is extracted. The wave load is the wave surface pressure, and the wave surface
pressure is mapped to the wet surface of the hull to calculate the structural response.
The structural response is the response of the structure under the action of unit wave
amplitude. The maximum stress value at each calculation point acting on the top of the
FNPP containment is extracted and fitted using the fast Fourier transform (Fig. 7), and
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the stress response transfer function is obtained by dividing the magnitude of the two
trigonometric functions.

Since the unit wave amplitude is 1, the fitted resulting amplitude is the stress response
transfer function.

Fig. 7. Fitted curve of stress response of evaluation point 4 at 0° wave direction 0.26451 Hz.

Under the above conditions, the long-term distribution of the stress range can be
expressed as a weighted combination of short-term distributions, and its distribution
function is Eq. (7)

FS(S) =

ns∑
i=1

nH∑
j=1

vij · pi · pj · Fsθ ij(S)

ns∑
i=1

nH∑
j=1

vij · pi · pj
=

ns∑
i=1

nH∑
j=1

rij · pi · pj · Fsθ ij(S) (7)

In Eq. (7),nS is the total number of sea states in the sea state distribution data, nH
is the total number of divided courses, pi is the probability of occurrence of the i-th sea
state, which can be obtained according to the frequency of occurrence of each sea state
in Table 3;pj is the frequency of occurrence of the j-th heading. vij is the average zero
crossing rate of stress alternating response under the i-th sea state and the j-th heading.v0
is the total average zero crossing rate of stress response considering all sea conditions
and heading.

v0 =
ns∑
i=1

nH∑
j=1

vij · pi · pj (8)
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Table 1. Fatigue damage point calculation number and location.

Evaluation point Location

1 Containment bottom support

2 Containment bottom support

3 T-section at bottom of
containment

4 Containment bottom support

5 Containment bottom support

6 Containment pressurizer
reinforcing rib

3.4 Containment Fatigue Life Correction

In addition to the influence of marine environmental load on the structure, the marine
environmental conditions also have a great impact on the fatigue performance of mate-
rials, mainly in the form of corrosion. Fatigue strength guide for hull structures (2021)
of CCS [12] stipulates that for the normal bending stress of hull girder during simplified
stress analysis and the hot spot stress under overall load conditions during finite element
stress analysis, the corrosion correction factor fcl = 1.05;

For the bending normal stress under lateral load in simplified stress analysis and the
hot spot stress under local load in finite element stress analysis, the corrosion correction
factor fcl = 1.1.

In the direct calculation method of fatigue assessment, the fatigue safety factor
needs to be superimposed for calculation. In this regard, GUIDELINES FOR FATIGUE
STRENGTH ASSESSMENTOFOFFSHORE ENGINEERING STRUCTURES (2013) of
CCS provides relevant provisions [13].

Fatigue failure criteria can be based on fatigue damage or fatigue life. When based
on fatigue damage, the fatigue strength of the calculated point shall meet Eq. (9)

D ≤ 1.0

Sftg
(9)

D-- Fatigue damage degree;
Sftg-- Fatigue strength safety factor.
The fatigue safety factor of the small steel containment of the FNPP is selected

by reference to the fixed floating structure. The fatigue damage assessment location is
accessible for inspection and maintenance in a dry environment, and the failure conse-
quences are serious. Considering the special nature of the small steel containment of
FNPP, we select 5 as the fatigue safety factor. Therefore D ≤ 0.2.

See Table 4 for the cumulative fatigue damage degree and the corrected fatigue life
of the final six fatigue assessment points of the containment.

T1 is fatigue life considering corrosion correction factor/year.
T2 is the fatigue life considering the fatigue safety factor and corrosion.
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Table 3. Fatigue cumulative damage results.

Evaluation point Cumulative
fatigue damage

Fatigue
life/years

1 0.009708 4120

2 0.003918 10209

3 0.02289 1747

4 0.08070 496

5 0.01025 3903

6 0.05275 758

Table 4. Fatigue cumulative damage results after correction.

evaluation
point

Cumulative
fatigue damage

T1/years T2/years

1 0.01292 4120 619

2 0.005215 7670 1534

3 0.03047 1747 263

4 0.1074 496 74

5 0.01364 3903 587

6 0.07021 758 114

(a) evaluation point 4 (b) evaluation point 6 

Fig. 8. Comparison of transfer function results
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4 Conclusion

Based on the spectral analysis method and regular wave simulation method, this paper
analyzes the small steel containment vessel of FNPP. It is concluded that the maximum
fatigue cumulative damage is at No. 8 calculation point, the fatigue cumulative damage
degree is 0.1074, and the fatigue life is 74 years. It is located at the bottom support,
which meets the design requirements of FNPP. At the same time, the parameters are
conservative and the fatigue life is short.

For the regular wave simulation method, take the evaluation point 4 and evaluation
point 6 with short fatigue life as an example. Figure 8 shows the transfer function
plots of evaluation point 4 and evaluation point 6 at 45° wave direction. The black
curve is the simplified theoretical analysis method, and the red curve is the regular wave
experimental simulationmethod. It can be concluded from thefigure that the regularwave
simulation method has a smoother and more accurate curve, although the calculation is
more complex.
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Abstract. Austenitic stainless steels have beenwidely used for fabricating reactor
core-internal components in PWRs due to its high strength, ductility and fracture
toughness. The accelerated failure or degradation of austenitic stainless steel rep-
resented by IASCC has become one of the key problems affecting the safe and
efficient operation of reaction core-internal in PWR nuclear power plants. IASCC
is generally divided into three stages: crack initiation, crack propagation and insta-
ble fracture. Among the three stages, the crack initiation stage would occupy the
major service time, the crack growth stage is featured by quasi-steady crack prop-
agation at a certain rate, and the instable fracture stage should be avoided. Stress
intensity factor K at the crack tip is often used to represent the mechanical driving
force for SCC as well as IASCC.

In this paper, SCC crack growth rate (CGR) data of austenitic stainless steels
irradiated in high temperature water were compiled and reanalyzed to evaluate
the influence of key parameters such as radiation dose and mechanical properties
on IASCC sensitivity and crack growth rate of these materials in PWR nuclear
power plant environment. The CGR-K curves of the irradiated materials were also
analyzed. The effects of low, medium and high doses of neutron irradiation are
compared, and the analysis process is illustrated with examples. In the research
process, abnormal CGR and K of materials under a specific irradiation dose was
found, so this phenomenon was analyzed. The CGR data and irradiation dose of
austenitic stainless steel in different K range were analyzed. And proposed a way
to judge the type of change:type I, type II and type III. Finally, the yield strength
of the material under the same irradiation dose was found, and combined with
other research data, it was further demonstrated that the neutron irradiation dose
had a significant effect on the crack growth rate.

Keywords: Austenitic stainless steel · Irradiation assisted stress corrosion
cracking · Crack growth rate · High temperature water

1 Introduction

There are pressurizedwater reactor (PWR), boilingwater reactor, heavywater reactor and
other types of commercial nuclear power plants. PWR is the most widely used because
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of its mature technology and rich operation experience, accounting for more than half
of the operating nuclear power plants in the world. Prolonged neutron irradiation leads
to the changes of mechanical properties due to irradiation induced hardening effect, the
changed of local chemical compositions due to radiation-induced segregation effect, the
increase of physical defects such as dislocation loops, and the water decomposition due
to radiolysis, and finally affects the SCC in high temperature water.

IASCC is generally divided into three stages: crack initiation, crack propagation
and instable fracture [1]. At the initial stage of crack initiation, the surface of sensitive
materials begins to produce microcracks under the coupling effect of environmental and
mechanical factors, and these microcracks are invisible under the light microscope. Over
time, the microcracks merge with each other to form an initial crack with a length of
10 µm. In the crack growth stage, the crack expands at a certain rate, which is affected
by environmental and mechanical factors. The laboratory usually studies the process by
introducing the stress intensity factor K at the crack tip. In the instable fracture stage,
the crack expands rapidly until the material fracture.

It is well known that SCC of materials in high temperature and high pressure water
depends on three factors: materials, environment and relatively high stress is shown in
Fig. 1. The key parameters affecting IASCC mainly include the material itself (such as
microstructure, microchemistry and yield strength, etc.) and environmental parameters
(such as hydrochemistry, irradiation temperature and irradiation dose, etc.). The key
parameters such as irradiation temperature and irradiation dose have great influence on
the crack growth rate of austenitic stainless steel IASCC. There are also many studies
on the influence of material factors such as microstructure, microchemistry and yield
strength on IASCC sensitivity of austenitic stainless steel.

Fig. 1. The main influencing factors of IASCC

The study of IASCC behavior of austenitic stainless steel needs to pay attention to
three stages: crack initiation, crack propagation and instable fracture. The crack propa-
gation stage is the most important. Stress corrosion cracking promoted by irradiation is
affected by material itself, medium environment, irradiation temperature and irradiation
dose, etc. The research process is complicated and uncertain. The relationship between
CGR and K is the key parameter in IASCC process of austenitic stainless steel.
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SCC or IASCC is used for the study of materials. There are many types of spec-
imens, such as compact tension (CT) specimen [2], four-point bending specimen [3],
round compact tension (RCT) specimen [4] and so on. In this paper, the advantages and
disadvantages of sample types are not discussed too much, and only the experimental
results are concerned.

2 Compiling IASCCData of Austenitic Stainless Steels in Simulated
PWR Primary Water

Austenitic stainless steels can be divided into many types, among which 304 and 316
based austenitic stainless steel is widely studied, so here only around 304 and 316 based
austenitic stainless steel is discussed.

The stress corrosion cracking experiment promoted by neutron irradiation needs
special equipment, and the experimental difficulty exists objectively due to the limitation
of equipment and other conditions. Radiation doses can range from a few percent of dPa
tomore than 100 dPa. Experimental data on crack growth rate of 0.06–47.0 dPa austenitic
stainless steel were collected in this paper.

The CGR data of irradiated austenitic stainless steel in simulated BWR or PWR
environments were obtained from CT samples, RCT samples or four-point bending
samples. In the experiment, factors such as irradiation temperature, material type and
water environment should be controlled, and the irradiation dose should be reasonably
controlled. The CGR data of the sample should be matched with K one by one, and the
relation data between CGR and K should be obtained.

Based on 304 and 316 austenitic stainless steel, the materials were irradiated in the
light water reactor environment, and the data of researchers were summarized to obtain
Fig. 2 [4–12].

Figure 2 is a summary of the relationship between CGR andK of irradiated austenitic
stainless steel in a pressurized water reactor environment sorted by irradiation dose. Due
to the limitation of experimental data conditions of many researchers, it is difficult to
unify the irradiation temperature, which is controlled at 288–340 °C. The influence of
irradiation temperature on CGR is very complex and limited by space, so the irradiation
temperature will not be discussed too much in this paper. Instead, data analysis and
problems will be found dialectically.

The parameter stress intensity factor K is introduced here, which essentially reflects
the mechanical changes in the microstructure. Microcracks exist in the microstructure
of irradiated austenitic stainless steel. If two cracks have the same strain and stress in a
region near the crack tip, then they have the same K. Since the crack tip scale is small,
K represents the stress and strain at the crack tip.

As shown in Fig. 2, as a whole from the reference curve, CGR generally shows an
increasing trend with the increase of K. However, we found that after data integration,
each data was not strictly linear and was greatly affected by the radiation dose.

The CGRs of SCC of unirradiated austenitic stainless steel is lower than that of
IASCC of irradiated austenitic stainless steel under the same conditions, and the differ-
ence may be several times. Taking the CGRs data of austenitic stainless steel under 3
dpa irradiation dose as an example, the CGR of unirradiated austenitic stainless steel
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is about 3x10–10 m/s [2–5] while the CGR of irradiated austenitic stainless steel can
reach 9x10–10 m/s or 1x10–9 m/s. The difference is about three times. This indicates that
neutron irradiation can promote the crack growth rate (CGR) of austenitic stainless steel
IASCC to a certain extent. The effect of irradiation dose on CGR of austenitic stainless
steel IASCC in PWR is complicated. From the figure, we can roughly divide the radia-
tion dose into low dose, medium dose and high dose. Low radiation dose mainly refers
to 0–9 dpa. Under this condition, the change of CGR is not obvious compared with that
without radiation. K is mainly between 12 and 20 MPa m0.5. Based on literature review
and PWR experience, 3 dpa is the threshold of material irradiation. In the case of 0–3
dpa irradiation dose, the CGR of the material will not change with the increase of the
irradiation dose, but still maintain the original growth rate. Under the irradiation dose
of 3–9 dpa, irradiation promoted the CGR of austenitic stainless steel. For example, the
CGR of 3 dpa was higher than that of 6.3 dpa and 8.0 dpa. K remained in a certain range,
while CGR changed abnormally. It is speculated that the CGR is affected by the changes
of microstructure defects, dislocation loops and radiation dose.

Fig. 2. Relationship betweenCGRandKof austenitic stainless steel at 0.6–47.0 dpa in pressurized
water reactor [4–12]

The radiation dose here refers to the radiation dose of approximately 11.4–25.0 dpa.
In the case of medium irradiation dose, CGR and K maintain a positive correlation.
At 17.1 and 18.7 dpa, the data are mainly concentrated at the lower left of the figure
near the reference curve. At 21.0, 12.9 and 14.0 dpa, the data mainly concentrated in
the center of the graph near the curve. Although the data at 11.4, 15.0, and 25.0 dpa
are mainly distributed in the upper right of the graph, they generally follow the trend
of increasing CGR as K increases. In these data, the phenomenon of 25.0 dpa is worth
separate discussion and will be carried out in the future.
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High radiation dose refers to radiation dose above approximately 25.0 dpa. As can be
seen from the figure, although the CGR of austenitic stainless steel under high irradiation
dose is still higher than that of non-irradiated stainless steel, compared with medium
irradiation dose, the CGR of austenitic stainless steel is abnormally reduced, mainly
between 1x10–11 m/s and 1x10–10 m/s. These results indicate that high irradiation dose
is not conducive to the acceleration of the growth rate of austenitic stainless steel IASCC
in PWR, but has a certain inhibitory effect.

The relationship between CGR and K of austenitic stainless steel in pressurized
water reactor remains relevant, and CGR increases with K in most cases. However, with
the increase of irradiation dose, CGR and K of austenitic stainless steel do not increase
simultaneously, but atrophy occurs. It may be caused by the excessive damage to the
material caused by neutron irradiation.

It is worth noting that although the CGR and K relationship data of irradiated
austenitic stainless steel were partially dispersed, CGR and K still showed a positive
correlation. It should be pointed out that the 316 based austenitic stainless steel material
under the neutron irradiation dose of 25 dpa in Fig. 2 has abnormal conditions. At lower
K, that is, when K is less than or equal to 5 MPa m0.5, the CGR of the material is more
than 9x10–11 m/s. The appearance of abnormal data points in Fig. 2 caught our attention
and thought.

3 Effect of Irradiation Dose on SCC Growth Rates

The CGR of austenitic stainless steel in high temperature water is affected not only by
stress intensity factor K, but also by neutron irradiation dose, which is indispensable in
the process of stress corrosion cracking promoted by irradiation. In order to study the
effect of neutron irradiation dose on CGR of austenitic stainless steel in high temperature
water, temperature and K must be controlled within a certain range to make the data
reasonable and reliable.

Firstly, the temperature was selected between 335 and 340 °C, which could remove
the interference of temperature factors on crack growth rate. Through Fig. 2, we sum-
marized the CGR data of 0.06, 3.0, 8.0, 9.0, 11.4, 12.9, 14.0, 15.0, 17.0, 18.7, 21.0, 32.9,
37.8, 39.0, 47.0 dpa irradiation dose, as shown in Fig. 3 [4–9, 11].

Here we classify K as 5–10 MPa m0.5, 10–15 MPa m0.5, 15–20 MPa m0.5 and 20–
27 MPa m0.5. The CGR and K data of austenitic stainless steel at 335–340 °C were
processed to obtain the CGR and neutron irradiation dose of austenitic stainless steel
under different normalized K conditions.

When K is normalized to 5–10 MPa m0.5, as shown in Fig. 4 [5–9, 11], the CGR of
the material is the highest at 11.4 dpa, close to 1x10–8 m/s. When K is 5–10 MPa m0.5,
CGR of all irradiation dose data is greater than 9x10–12 m/s. At 17.1 dpa and 18.7 dpa,
the CGR values of the materials are close to each other, basically within the range of
10–11 m/s and 10–9 m/s. At 21.0 dpa, the CGR of the material increased slightly to about
10–9 m/s. CGR at 47 dpa was basically within the data range of 17.1 dpa and 18.7 dpa
irradiation dose.

As shown in Fig. 5 [4–9, 11], when K is in the range of 10–15 MPa m0.5, CGR of all
data in the figure is greater than 4x10–11 m/s. CGR data under 3.0 dpa were higher than
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Fig. 3. CGR and K of materials with different neutron irradiation doses at 335–340 °C [4–9, 11]

Fig. 4. CGR and neutron irradiation dose of austenitic stainless steel under normalized K 5–
10 MPa m0.5 [5–9, 11]

10–10 m/s. The CGR data range of 12.9 dpa and 14.0 dpa irradiation doses were similar.
The CGR at 15.0 dpa was two orders of magnitude higher than that at 12.9 dpa and
14.0 dpa. The CGR data at 21.0 dpa irradiation dose were about 1 order of magnitude
higher than those at 12.9 dpaand 14.0 dpa irradiation dose. The CGR data of 21.0 dpa
irradiation dose was about 0.1 times that of 15.0 dpa irradiation dose. When the neutron
irradiation dose increased from 32.9 dpa to 37.8 dpa and from 37.8 dpa to 47.0 dpa, the
CGR data at these three irradiation doses were close to 10–10 m/s (between 5x10–11 m/s
and 1x10–10 m/s). The CGR data at these three irradiation doses are not sensitive to the
neutron irradiation dose.
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Fig. 5. CGR and neutron irradiation dose of materials under normalized K 10–15MPam0.5 [4–9,
11]

Fig. 6. CGR and neutron irradiation dose of materials under normalized K 15–20MPam0.5 [4–9,
11]

CGR (3.0 dpa) < CGR(21.0 dpa) < CGR(15.0 dpa) > CGR(12.9 dpa, 14.0 dpa,
32.9 dpa, 37.8 dpa and 47.0 dpa). The peak value of CGR data with neutron irradiation
dose of 15 dpa in Fig. 5 has aroused our concern. As for the reason of the peak value?
What causes the spike remains to be studied and solved.
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As shown in Fig. 6 [4–9, 11], when K is 15–20 MPa m0.5, CGR at 0.06 dpa, a very
low irradiation dose, is very low, about 2x10–12 m/s. However, when the irradiation dose
reached 3.0 dpa, the CGR data directly reached nearly 10–9, with a significant increase.
When the irradiation dose was higher than 8.0 dpa, the CGR of the material increased
significantly, and the CGR was greater than 2x10–11 m/s. The CGR data range of 11.4
dpa was close to that of 15.0 dpa, up to about 10–8 m/s. CGR data at 12.9 dpa and 14.0
dpa are close in range, but are still two orders of magnitude lower than CGR data at 11.4
dpa and 15.0 dpa. The CGR data at 21.0 dpa was between 12.9 dpa and 14.0 dpa and
11.4 dpa and 15.0 dpa, with a value of about 10–9 m/s.

On the whole, it shows that when the neutron irradiation dose is greater than or equal
to 15 dpa, the crack growth rate decreases with the increase of the dose. At the same
time, the irradiation dose of 11.4 dpa and 15.0 dpa showed two similar peak values.
Similar to the situation where K is 10–15 m/s as shown in Fig. 5, the phenomenon of
peak value arouses concern. The two can be compared and further studied.

Fig. 7. CGR and neutron irradiation dose of materials under normalized K 20–27 MPa m0.5 [5,
6, 8]

As shown in Fig. 7, when K is in the range of 20–27 MPa m0.5, the range of CGR
data fluctuates greatly. The main reason is that the CGR data of 0.06 dpa is small and that
of 11.4 dpa is large. When the irradiation dose increased from 0.06 dpa to 3.0 dpa, the
CGR increased by about 2 steps. From 3.0 dpa to 8.0 dpa, its CGR decreased by more
than one order of magnitude, but it was still about four times the CGR data at 0.06 dpa.
CGR data at 11.4 dpa fluctuated from 4x10–10 m/s to nearly 10–7 m/s, with a fluctuation
range of more than 2 orders of magnitude. Compared with the CGR data at 8.0 dpa, the
CGR data at 39.0 dpa was 1.5 or 1.75 times higher, and the CGR data at 47.0 dpa was
2.5 or 0.75 times higher.
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Among them, CGR data at 11.4 dpa fluctuated from 4x10–10 m/s to nearly 10–7 m/s,
with a fluctuation range of more than 2 orders of magnitude. In the same range of K,
why is there such a high CGR data, and why is there such a large fluctuation range of
CGR data in the same radiation dose? These questions remain to be explored.

Based on the above data, we propose a method to judge the phase of CGR data
varying with neutron irradiation dose.

δCGR

δDose
> 0: type I,

δCGR

δDose
= 0: type II

δCGR

δDose
< 0: type III

Each type is divided into three categories: type I for increasing, type II for nearly not
changing, and type III for decreasing of crack growth rate with increasing dose. There
are −S for strongly, −M for moderately, and −W for weakly. As shown in Table 1, the
change rate of CGR and irradiation dose in different K ranges is shown.

Table 1. Classification of CGR and radiation dose changes in different K ranges

Stress intensity factor, K (MPa m0.5) Neutron irradiation dose (dpa) Type

5–10 11.4–17.1,18.7 type III-S

5–10 17.1,18.7–21.0 type I-S

5–10 21.0–47.0 type III-S

10–15 3.0–12.9,14.0 type III-M

10–15 12.9,14.0–15.0 type I-S

10–15 15.0–32.9 type III-S

10–15 32.9–47.0 type II

15–20 0.06–3.0 type I-S

15–20 3.0–8.0 type III-S

15–20 8.0–11.4 type I-S

15–20 11.4–12.9,14.0 type III-S

15–20 12.9,14.0–15.0 type I-S

15–20 15.0–47.0 type III-S

20–27 0.06–3.0 type I-S

20–27 3.0–8.0 type III-S

20–27 8.0–11.4 type I-S

20–27 11.4–39.0 type III-S

20–27 39.0–47.0 type II
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4 Verification of Effect of Irradiation Doses on SCC Growth Rate

Bosch [13] et al. recently studied the correlation betweenneutron irradiation andmechan-
ical properties of 316 material cold worked processed in pressurized water reactor envi-
ronment, which provided reference value for our paper. He studied the relationship
between neutron irradiation and stress-strain, tensile strength, yield strength and other
mechanical properties, and we only take the yield strength related content.

Fig. 8. Variation of yield strength of cold worked 316 material with neutron irradiation dose in
pressurized water reactor [13]

Figure 8 shows the change of yield strength of 316CWmaterial in PWR environment
with neutron irradiation dose under the irradiation temperature of 320–340 °C and the
test temperature of yield strength of 300–320 °C.

In Fig. 9 we can see the CGR distribution of 316CW material at 25 dpa. Through
the study of Terachi [14] et al., Castano [15] et al., Shoji [16] et al., Toloczko [17] et al.
and Donghai Du [18] et al., we can find the CGR situation of 316CW materials without
irradiation under different yield strengths of K is 30 MPa m0.5. It can be clearly seen
that the CGR of about 800MPa yield strength is between 10–10 m/s and 10–9 m/s, which
is nearly 2 orders of magnitude lower than the CGR after irradiation at the same K.
CGR with yield strengths of 500 MPa and more than 200 MPa is between 10–11 m/s and
10–10 m/s, which is nearly 3 orders of magnitude lower than CGR after irradiation.

We can obviously score that the CGR of the cold worked 316 material after neutron
precipitation is much higher than that of the cold worked 316 material without neutron
irradiation. This shows that neutron irradiation has a great influence on the change
of material CGR. In addition, the microstructure defects and dislocations of materials
may be increased due to the influence of neutron irradiation on the microstructure and
mechanical properties of materials.
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Fig. 9. CGR and K of 316CW material irradiated at 25.0 dpa, CGR of the material at different
yield strengths when K is 30 MPa m0.5 [14–18].

5 Conclusions

The CGR and K relationship data of 304 and 316 austenitic stainless steels under dif-
ferent neutron irradiation doses in high temperature water were summarized. The effect
of irradiation dose on the crack propagation rate of irradiated SCC was analyzed and
verified:

The CGR and K of austenitic stainless steel under high temperature water environ-
ment show positive correlation. The CGR of unirradiated CGR was lower than that of
irradiated CGR under the same condition, and the difference was several times. There
is a certain degree of dispersion in the relation data between CGR and K.

In the range of different K, the relationship between CGR data and irradiation dose of
austenitic stainless steel is different. Peak data points of CGR appear at some irradiation
doses, and the specific reasons need to be studied. We propose a classification method
for CGR and radiation dose variation trend and apply it to the data presented in this
paper.

Finally, the significant effect of neutron irradiation on CGR of austenitic stainless
steel was verified based on yield strength.
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Abstract. Considering industry standards, policies, market environment, actual
costs of nuclear power plants (NPPs) and technical characteristics of nuclear
power, and combiningwith industrial circumstanceswhen these industry standards
were published, we analyzed the limitations of current commercial PWR’s fianan-
cial evaluationmethods. TakingHPR1000 as a case study, we deeply estimated the
generation cost and cash flow. Moreover, optimization direction of the financial
evaluation model after comparative analysis was proposed. This research aims to
provide reference to similar NPPs’financial evaluation and basis of investment
decision-making for investors, owners and general contractors.

Keywords: Commercial PWR · Financial Evaluation · Optimization of Model

1 Introduction

In China, the nuclear power plant (NPP) is regarded as an independent legal entity
in the economic evaluation of commercial NPPs, and the on-grid electricity price, an
important indicator of the economic feasibility of the NPPs, is calculated on the basis
of investment in total capital cost, power generation cost and benchmark internal return
rate. The economic evaluation is based on the Economic Evaluation Guidelines of the
Nuclear Power Plant Construction Project (NB/T20048–2011) (hereinafter referred to
as the "NB"), which was released in 2011. Nevertheless, significant changes have taken
place in domestic power market policy, actual operating cost of NPPs, the business
environment of the external nuclear power market, the safety standards and the technical
approach of NPPs since its release 10 years ago. Therefore, the gaps open up the room
for research on how can current economic evaluation further contribute to the scientific
decision-making in investment, rational resource allocation, and sound development in
the whole chain of nuclear power industry.

In addition, the industry standard NB focuses on guiding studies on the economic
feasibility of NPPs. However, with regard to the commercial NPPs, the shareholders,
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shareholders of listed companies with the long-term development plan at heart in partic-
ular, are more concerned about the internal rate of return of all parties involved, while the
general contractors pay more attention to the investment of total capital cost per kilowatt
and the construction units lay emphasis on whether the project can be approved. The
analysis on different schemes can be conducted through scientific economic evaluation,
serving as solid data support for all parties, and the results can provide insight in under-
standing the gap between the theoretical and actual benefits of the project, the allocation
options for subsequent development, and the range of maximum total capital cost per
kilowatt within the project budget.

2 Limitations of the Current Economic Evaluation Model
for Pressurized Water NPPs

On the one hand, NB was officially released in 2011, and the calculation parameters,
criterion parameter and boundary conditions in its appendix were in consistent with the
market environment and industry expectations before finalization. However, the capital
cost and expected revenue based on themarket environment at that time is vastly different
from the current one. On the other hand, NB was compiled mainly based on the data of
Generation 2+ NPPs that were widely built and operated in China, without taking into
account the advanced design, the differences in generation costs between the Generation
2+ and Generation 3 NPPs and the actual cost of NPPs in recent years. Furthermore, the
existing NB model lacks the in-depth research and analysis on the cash flow planning
including financing, loan repayment, and corporate dividend of thewhole project, and the
evaluation system takes the on-grid electricity price measured by the capital benchmark
rate of return as the main indicator, excluding the rate of return of the investment of all
parties, which is more closely related to the investors.

2.1 The Background of NB Release

China’s electricity pricingmechanism has undergone a series of changes since the reform
and opening up, evidenced by a number of relevant policies implemented, such as the
repayment of capital with interest (RCI pricing), “price pegged to the increase in trans-
portation” and “operating price” since 1985. Before 2013, nuclear power on-grid elec-
tricity price varies among different generating sets based on compensation costs and
reasonable revenue, and against which background the NB was compiled and released.

2.2 The Applicable Analysis of NB to the PWR Reactor Types

TheNB regulates that it is suitable for the economic evaluationofPWRsand the economic
evaluation of other nuclear facilities could refer to this standard. However, this standard
does not clearly indicate the reactor types which are applicable to this standard and there
is also no content stating about the relationship between the evolvement of PWR nuclear
technology and its applicability to this standard.

The formulation of NB is mainly based on the economic parameters and data of the
Generation 2+. The effects of technical innovation on economic evaluation methods and
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parameters are not considered in current NB. Therefore, the methods and parameters
in this NB could not objectively and comprehensively meet the demands of economic
evaluation for current PWRs, especially for the third generation PWRs.

2.3 Analysis of Macro-economic Environment Change for Nuclear Power
Enterprises

Compared with the year 2011 when the NB was published, the market environment
regarding the fund cost and expected returns has changed significantly. From 2010 to
2019, the interest rate under macro-economy had been declined obviously. Under the
current economic environment, the internal rate of returns for the capital fund could
decrease to 7%–8% while the rate of returns for investors could decrease to 6%–7%.

2.4 Analysis of Business Environment Change for Nuclear Power Enterprises

Compared with the year 2011, the business environment of nuclear enterprises has
changed obviously. Due to the higher safety requirement, the project cost of the third
generation PWRs has increased. Meanwhile, against the backdrop of benchmark tar-
iff reduction, power market revolution, weakened fiscal and tax support, the nuclear
power enterprises are under huge business difficulties. For instance, the power gener-
ation capability of some nuclear reactors is compared with their full capacity, posing
risks to the business operation of nuclear enterprises. Moreover, with the successive
increase of transected electricity, NPPs in certain regions participate in the annual bid-
ding transaction, monthly bidding transaction, straight-powered protocol for large users
and trans-provincial and trans-regional power transaction, facing dual pressure from
both declined planned electricity and market bidding.

Economic evaluation based on theNBwould deviate from actual circumstances. The
actual operation time of Generation 2+ far exceed 7000 h and operation costs are much
higher than the regulations in NB, resulting in higher electricity price. Moreover, actual
fiscal and tax policies also have minor differences with NB. As for the third generation,
its economics are facing risks in terms with both power generation and electricity price.
Thus, to accurately evaluate the economics of the Generation 3 NPPs, it is imperative
to focus on the rationality and accuracy of economic evaluation methods. Under the
background of declined interest rate, the return rate could be further decreased. NB
regulates that the pre-tax benchmark return rate before financing is 7% and the after-tax
benchmark return rate after financing is 9%. The above-mentioned return rates could
be lowered. Besides, more concentration could be paid to financial internal return rate
of investors, which is the core concern of investors. The financial internal return rate of
investors is advocated as a core parameter in this study and it could be further optimized
to 8%–10%.

2.5 Limitations of Current Financial Evaluation for PWRs

(1) Economic indicators
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Based on the financial evaluation of PWRs with different Under the hypothesis of
identical internal return rate, the on-grid electricity price of PWRs with different power
show large disparity. Moreover, there is no significantly linear relationship between
power generation cost and on-grid electricity. Focusing on the on-grid electricity price
and capital internal return rate in economic evaluation would result in the overlook of
other economic indicators. Therefore, apart from the internal return rate and on-grid
electricity price, we should also concentrate on the power generation cost and payment
schedule, achieving more precise and comprehensive economic analysis.

(2) Cost control in the whole life period

According to the feedback from NPPs, the actual operation cost has increased,
exceeding the parameters regulated in NB. Specifically, cost from uranium mining, con-
version and separation is higher than the international market, resulting in high cost
of nuclear fuels. The increase of nuclear fuel cost and operation and maintenance cost
counteract the advantages of investment decline brought by the batch production of Gen-
eration 2+ and design maturation of HPR1000. Therefore, apart from the investment
control, we should focus on the cost from the period of both construction and operation.
Operation and maintenance cost as well as nuclear fuel cost should be supplemented as
auxiliary indicators in the future economic evaluation of PWRs.

(3) Indicator discordance with practice

In financial evaluation, the table of capital cash flow is formulated based on desig-
nated either on-grid electricity price or capital internal return rate. Common practice is
to designate capital internal return rate as 9% and evaluate the on-grid electricity price,
thus evaluating the feasibility of the on-grid electricity price of specific NPPs. However,
investors pay more attention to dividend distribution and there exists large uncertainty
with capital internal return rate as the only economic indicator.

3 Optimization of Economic Evaluation Model

In the future, the financial evaluation of NPPs should be transformed from the single
indicator to multi indicators. Currently, focusing only on the on-grid electricity price and
capital internal return rate would lead to incomplete analysis of economics of NPPs and
simultaneously controlling multiple indicators is conducive to achieving comprehensive
economic evaluation of NPPs. For instance, cost control should be expanded from con-
struction to the whole life period of NPPs, including operation and maintenance. Table
shows advocated multi indicators in future economic evaluation of NPPs (Table 1).
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Table 1. Proposed multiple indicators for optimized model

Indicator type Indicator name Indicator standard

Key project cost indicator Overnight cost per kilowatt Absolute value

Key project cost indicator Total capital cost per kilowatt Absolute value

Auxiliary project cost indicator Overnight cost

Auxiliary project cost indicator Total capital cost

Key cost indicator Average power generation cost Absolute value

Key cost indicator Operation and maintenance cost Absolute value

Key cost indicator Fuel cost Absolute value

Key return indicator Financial internal return rate of
investors

6%–7%

Auxiliary return indicator Capital financial internal return rate

Auxiliary return indicator Financial internal return rate of total
investment (after tax)

Other auxiliary indicators Profitability and other indicators

4 Preliminary Research on the Cost of Power Generation
of HPR1000

Cost of power generation is the basis of on-grid electricity price evaluation. Because
the FOAK reactor of HPR1000 has only operated for 2 years, the data for the cost of
operation and maintenance is not thorough. Thus, this study only conducts preliminary
research on the cost of power generation of HPR1000. Differences of operation and
maintenance cost between HPR1000 and the Generation 2+ result from their technical
differences.

Cost of materials consumed during operation includes expense from nuclear fuels,
chemicals, water and electricity. Water consumption difference between HPR1000 and
the Generation 2+ is clear but the quantity of other materials consumed in the operation
of HPR1000 is still unclear. Standard of material expenses for HPR1000 should be
identified based on the practice of the Generation 2+ and the in-service HPR1000. The
cost for each staff of HPR1000 and the Generation 2+ should be the same, but the staff
quota of HPR1000 should be modified based on actual situation. Maintenance of NPPs
includes general overhaul and routine operation and maintenance. General overhaul
planning is related with the type of nuclear reactors. Correspondingly, the expense of
general overhaul is also different for each type of reactor. With the progress of science
and technology as well as the management of power plants, the repair fee rate should be
declined. Boasting with higher design standard, the repair fee rater of HPR1000 could
be decreased from 1.35% to 1.2%.

Life period is one of major differences between the Generation 2+ and the HPR1000.
The life period of the HPR1000 is 60 years, which mainly influences the design of major
equipments. Since the capital cost is low in today’s market, a shorter payback period is
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conducive to sustainable bonus distribution. Therefore, adopting 20 years as depreciation
period is still feasible in the economic evaluation of HPR1000.

Based on the comparative analysis and advanced design concept, we estimated the
power generation cost of HPR1000 after optimization of depreciation period and repair
fee rate. We estimated the power generation cost and on-grid electricity price based on
the total capital cost of 37.75 billion RMB and the capital internal return rate of 9%
(Table 2).

Table 2. Cost composition of HPR1000

Cost item Cost value (RMB/MWh) Percentage(%)

1 Investment cost 106.6 45%

1.1 Depreciation 75.4 71%

1.2 Amortization 4.0 4%

1.3 Financial expense 27.2 25%

2 Fuel cost 68.7 30%

2.1 Nuclear fuel procurement 46.3 67%

2.2 Reprocessing cost 22.4 33%

3 Operation and maintenance cost 52.6 22%

3.1 General overhaul cost 26.5 50%

3.2 Wages and welfare 10.7 20%

3.3 Other expenses 6.6 13%

3.4 Material cost 5.4 10%

3.5 Water cost 0.4 1%

3.6 Medium and low radioactive waste
treatment and disposal cost

0.5 1%

3.7 Other operation and maintenance cost 2.6 5%

4 Decommissioning Funds 7.5 3%

合计 235.5 100%

5 Financial Evaluation of HPR1000

Based on the above-mentioned optimization clue, we formulated 8 schemes to analyze
the economics of HPR1000 under each condition.

5.1 Scheme Estimation

(1) Original Scheme (Option 1)
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The power generation cost, on-grid electricity price, and the rate of return for all
parties were calculated at the total capital cost of 37.75 billion RMB, 1.35% rate of
general overhaul cost, depreciation period of 25 years and capital return rate of 9%. The
long-term loan is reimbursed by deducted VAT, refunded VAT, depreciation, amortiza-
tion, and undistributed profits for repayment in order, and cash for circulation will be
used to repay short-term loans annually. Dividend will be distributed under the condition
of guaranteed loan repayment in the form of cash. The dividend distribution ratio is as
follows (Table 3).

Table 3. Average dividend distribution ratio of option 1

No Year after operation Average ratio of cash dividends to distributable net profit

1 1–5 0%

2 6–10 15%

3 11–15 65%

4 16–20 98%

5 After 20 100%

As seen from the table, in the first five years after the unit is put into commercial
operation, the ratio of cash dividends to distributable net profit is 0, suggesting that there
will be no dividend in the first 5 years, and the trend continue till the 6th year; from the
6th to 10th years after the operation, the average distribution ratio of annual dividend is
15%, which is still far below the value proposed by the listed company (30%); from the
11th to 15th years, the average distribution ratio of annual dividend is 65%, and the full
allocation can’t be achieved until 17th year. The dividend distribution is so conservative
that the listed company’s investment in new projects and its rolling development get
impeded.

(2) Base Case (Option 2)

The total capital cost, power generation cost, and investment return of all parties were
retrodicted with 1.35% general overhaul rate, depreciation period of 25 years, capital
return rate of 9%, and the on-grid electricity price, whichwas calculated according to that
of the benchmark local thermal power desulfurization and denitrification. The arrange-
ment of cash flow and dividend is similar to the Option 1 in nature with comparable
annual dividend distribution ratio.

(3) General overhaul Scheme (Option 3)

The total capital cost, power generation cost, investment return of all parties were
retrodicted with 1.2% general overhaul rate, adjusted from 1.35% according to the esti-
mated quota of annual overhaul expense and fixed assets, depreciation period of 25 years,
capital return rate of 9%, and the on-grid electricity price calculated according to that of
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benchmark local thermal power desulfurization and denitrification. The arrangement of
cash flow and dividend is similar to the previous case in nature with comparable annual
dividend distribution ratio.

(4) Depreciation Scheme (Option 4)

The total capital cost, power generation cost, investment return of all parties were
retrodicted with 1.2% general overhaul rate, depreciation period of 20 years, capital
return rate of 9%, and the on-grid electricity price calculated according to that of bench-
mark local thermal power desulfurization and denitrification. The arrangement of cash
flow and dividend is similar to the previous case in nature with comparable annual
dividend distribution ratio.

(5) Rate of return Scheme I (Option 5)

The option 5 is to adjust the order of cash flow, the dividend distribution and repay-
ment scheme. The total capital cost and power generation cost were retrodicted with 8%
of capital return rate and 9% of return rate of all parties, considering low loan interest
rate for the rolling development of the company. Combining the study of the dividend
distribution of the listed companies with the research on the dividend of NPPs, the
arrangement of cash flow is as follows.

Cash dividends for shareholders are guaranteed at a certain amount, and the rest
is repaid to long-term loans in the order of deducted VAT, refunded VAT, depreciation,
amortization, and undistributed profits remained after dividend. The short-term loan will
be used to compensate for the long-term loan that could not be covered by dividend and
repayment. The corresponding dividend distribution plan is that there will be no dividend
in the first two years after commercial operation, 860 million RMB per year from the
3rd to 7th year, 1.2 billion RMB per year from the 8th to12th year, and full percent of
the profit from the 13th year onwards through the subsequent operation.

(6) Rate of return Scheme II (Option 6)

The dividend distribution and loan repayment scheme is adjusted in option six, while
other parameters remain the same asOption 4. The total capital cost and power generation
cost were retrodicted with 8% of capital return rate and 10% of return rate of all parties.
The slight changes in the cash flow and the corresponding dividend distribution can be
found in comparison with Option 5. There will be no dividend in the first two years after
commercial operation, 1.08 billion RMB per year from the 3rd to 7th year, 1.66 billion
RMB per year from the 8th to 12th year, and full percent of the profit from the 13th year
onwards through the subsequent operation.

(7) Rate of Return Scheme III (Option 7)

The dividend distribution and loan repayment scheme is adjusted in option seven,
while other parameters remain the same as Option 4. The total capital cost and power
generation cost were retrodicted with 7% of capital return rate and 9% of return rate
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for shareholders. The slight changes in the cash flow and the corresponding dividend
distribution can be found in comparison with Option 5. There will be no dividend in
the first two years after commercial operation, 1.03 billion RMB per year from the 3rd
to 7th year, 1.4 billion RMB per year from the 8th to 12th year, and full percent of the
profit from the 13th year onwards through the subsequent operation.

(8) Rate of Return Scheme IV (Option 8)

The dividend distribution and loan repayment scheme is adjusted in option eight,
while other parameters remain the same as Option 4. The total capital cost and power
generation cost were retrodicted with 7% of capital return rate and 10% of return rate
for shareholders. The slight changes in the cash flow and the corresponding dividend
distribution can be found in comparison with Option 5. There will be no dividend in
the first two years after commercial operation, 1.31 billion RMB per year from the 3rd
to 7th year, 1.6 billion RMB per year from the 8th to 12th year, and full percent of the
profit from the 13th year onwards through the subsequent operation.

5.2 Results and Comparative Analysis

(1) Estimation results

Table 4 shows the results of power generation cost and its composition for each
scheme while Table 5 demonstrates main indicators.

Table 4. Estimation of power generation cost

Item Option
1

Option
2

Option
3

Option
4

Option
5

Option
6

Option
7

Option
8

Investment cost 106.6 104.2 105.3 106.3 115.9 118.4 124.1 127.5

Depreciation 75.4 73.7 74.4 75.2 76.8 75.9 79.5 78.3

Amortization 4.0 3.9 3.9 4.0 4.0 4.0 4.2 4.1

Financial expense 27.2 26.6 26.9 27.1 35.1 38.6 40.4 45.0

Fuel cost 68.7 68.7 68.7 68.7 68.7 68.7 68.7 68.7

Nuclear fuel
procurement

46.3 46.3 46.3 46.3 46.3 46.3 46.3 46.3

Reprocessing cost 22.4 22.4 22.4 22.4 22.4 22.4 22.4 22.4

Operation and
maintenance cost

52.6 52.0 49.4 49.1 49.7 49.4 50.6 50.2

(continued)
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Table 4. (continued)

Item Option
1

Option
2

Option
3

Option
4

Option
5

Option
6

Option
7

Option
8

General overhaul
cost

26.5 25.8 23.2 23.4 23.9 23.7 24.8 24.4

Wages and welfare 10.7 10.7 10.7 10.7 10.7 10.7 10.7 10.7

Other expenses 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6

Material cost 5.4 5.4 5.4 5.4 5.4 5.4 5.4 5.4

Water cost 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4

Medium and low
radioactive waste
treatment and
disposal cost

0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Other operation
and maintenance
cost

2.6 2.5 2.6 2.1 2.1 2.1 2.2 2.2

Decommissioning
funds

7.5 7.4 7.4 7.5 7.7 7.6 8.0 7.8

Table 5. Estimation of main indicators

Item Unit Option 1 Option 2 Option 3 Option 4 Option 5 Option 6 Option 7 Option 8

On-grid
electricity
price

RMB/MWh 400.2 393.2 393.2 393.2 393.2 393.2 393.2 393.2

Average power
generation cost

RMB/MWh 235.5 232.2 230.8 231.6 242.0 244.1 251.4 254.3

Total capital
cost per
kilowatt

RMB/kilowatt 15573 15207 15369 15518 15856 15665 16415 16177

Return rate of
investors

% 6.9 6.9 6.9 6.9 9.0 10.0 9.0 10.0

Capital return
rate

% 9.0 9.0 9.0 9.0 8.0 8.0 7.0 7.0

(2) Comparative Analysis

Based on the results of the above options, it can be concluded that the rate of return
of shareholders from all parties and the total capital cost per kilowatt increase by modi-
fication of power generation cost of the base case in the model and optimization of cash
flow with current low interest rate under the condition that the on-grid electricity price
and energy being the same, i.e. the same revenue from electricity sales.
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The model enables shareholders to prepare for the rolling development of the com-
pany and invest in new projects from a long-term perspective. In addition, as the total
capital cost of projects gradually increase, the general contractor can better allocate
its resources against background of mounting investment in the Generation 3 NPPs by
diverting premium resources to design, construction and procurement, which will in turn
benefit the owner. The optimization that attaches more importance to the whole life cost
of the project rather than limited to the investment in the total capital cost can be more
conducive to the sustainable development of the entire nuclear power industry.

It can be concluded that the yield of the plant can be further increased with the
same construction investment. Meanwhile, the project can endure higher construction
investment under the condition of the same or even higher yield, urging relevant units
to apply higher safety standards to improve the safety and reliability of the plant. Based
on the current market environment and operating practice of dividend strategy of groups
including China National Nuclear Corporation (CNNC), it is recommended that Option
6 can generate stable shareholder yield and total capital cost per kilowatt. Finally, the
risk resisting capability of nuclear units is lifted.

6 Conclusions

Considering the current market and the experience practice of in-service NPPs, we opti-
mized the economic evaluationmodel of NPPs. Since in listed nuclear power companies,
investors pay more attention to dividends and the long-term development of the com-
pany, the optimized capital internal return rate, internal return rate of investors and total
capital cost could be obtained via optimized capital flow and bonus allocation. This
research provides viable investment strategies for decision makers.

The flexible arrangement of cash flows and allocating bonus to investors in priority
would significantly enhance the debt risk comparedwith the baseline scenario.Moreover,
if the interest rate increases with the change of financial market, the debt rate of the
proposed scenarios would increase, posing debt risks to the project. However, the asset
liability under current circumstances could meet the requirements. It is noted that our
research is based on the current market environment and the variance of power market
and financial market would influence the results of optimization.
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Abstract. The most important indicator of the radioactive waste classification
and detection system is its identifiable minimum activity of low level radioactive
waste, that is, the lower detection limit. In order to design a low level and very low
level waste classification and detection system that can perform large-scale and
rapid measurement, and explore the influence of various factors on the low limit
of detection, this paper establishes the layout model of the detection unit of the
classification detection system by Monte Carlo method to simulate the number of
NaI crystals, the density of the detected object, the distance between the detection
crystal and the detected object, the distance between the adjacent measured waste
and the measurement time, etc. Meanwhile this paper analyzes the characteristics
of the low limit of detection, and performs operations research analysis based
on the principle of being able to detect radioactive waste with specific activity
of not less than 0.1 Bq·g−1, maximizing the shielding effect and optimizing the
shielding weight, and designs a low level and very low level waste classification
and detection system that can measure radioactive waste which density is not less
than 0.25 g/cm3 and which specific activity is not less than 0.1 Bq·g−1.

Keywords: Monte carlo · Low limit of detection · Radioactive waste ·
Classification

1 Introduction

During the decommissioning of nuclear facilities, a large amount of radioactive waste
will be generated, covering different types of waste such as medium, low and very low
level radioactive and clearance level waste. According to Chinese current radioactive
waste classification standard, different types of radioactive waste need to adopt different
disposal methods. Timely and accurate classification of decommissioned nuclear facili-
ties is one of the key links in radioactive waste management, and it is also an important
means to minimize waste and reduce disposal and supervision costs [1–5].

When using physical measurement techniques such as radiation detection to classify
radioactivewaste, especiallywhenclassifying clearance levelwaste (EW), very low-level
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waste (VLLW) and low-level waste (LLW), due to the very low level of radioactivity
of the first two types of waste, the low limit of detection of instrument used has higher
requirements. Therefore, this paper refers to other classification detection devices (e.g.
box-type waste detecting device and waste barrel gamma scanning device) and uses
Monte Carlo calculation software to simulate the low limit of detection of the module of
a low-very low radioactive waste classification detection system, and studies relation-
ship between the different detection crystal volume and crystal arrangement, different
measurement time, different shielding thickness around the detection crystal, the dis-
tance between the detection crystal and the upper surface of the waste, and the density
with the low limit of detection, and optimizes the detection module of the low-very low
radioactive waste classification detection system.

Fig. 1. Box-type waste detecting device and waste barrel gamma scannig device

2 Materials and Methods

2.1 Detector Source Response Coefficient

The detector source response coefficient K of the classification detection system is an
important design parameter of the detector, that is, the counting rate generated by the
radioactive source per unit specific activity in themeasurement chamber of the classifica-
tion detection system in the detector. In the development phase, we uses the F8 counting
card in the MCNP program and SCORE card in the FLUKA program to simulate the
calculation to obtain the pulse count rate produced in the detector in the measurement
chamber of the specific activity of the waste in the detector. Detector source response
coefficient.

K = TallyFB × V × 1 (1)

whereK is the detector source response coefficient of the classification detection system,
cps·Bq−1·m−3; TallyF8 is counting rate (energy range of 100 keV ~ 3 meV), cps; V is
the volume of waste to be measured in the simulation calculation, m3; I is the decay
branch ratio of gamma rays produced by radionuclides in the waste to be measured.
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2.2 Minimum Detectable Concentration

Minimumdetectable concentration (MinDC,MDC) [4–6] represents theminimum activ-
ity concentration value that the classified detection system can analyze for specific
nuclides in the measured waste. It is an important indicator of the sensitivity of the
classification detection system when it is applied in a given situation. The premise that
the waste to be tested can be reliably detected is that the activity concentration of the
waste to be measured is greater than the minimum detectable concentration.

MinDC = 2.706
/
t + 4.65

√
lb/t

K
(2)

where:MinDC is theminimumdetectable concentration,Bq·m−3; lb is the environmental
background count rate, cps; t is the given measurement time, s.

2.3 Model of Simulation

As shown in Fig. 2, this paper establishes the detection module model in the above-
mentioned radioactive waste classification detection system in the Monte Carlo simu-
lation software MCNP and FLUKA. In the calculation model, the size of a single NaI
crystal is 40 cm × 10 cm × 5 cm; the size of the waste detection box ( stainless steel)
is 65 cm × 65 cm × 10 cm; the radioactive source term is divided into two parts. One
is the environmental background, and it is considered that the environmental dose rate
in the working area of the detection system is the upper limit of the white area’s dose
rate, and it is equivalent to a uniform spherical shell surrounding the whole detection
device. The spherical shell is a source of air uniformly distributed with Cs-137 sources.
The other part is the radioactive waste contained in the detection box, which is set as a
cuboid source in the simulation.

top 

view

side 

view

NaI

waste

N=1 N=8 N=8'

D=6 cm

N=4

Fig. 2. Lay-out of the detectors and waste box

3 Results and Discussion

3.1 Effect of Crystal Arrangement on the Low Limit of Detection

According to the Nuclear Safety Guidelines HAD401/04 “Radioactive Waste Classifi-
cation”, the level of Cs-137 control is 0.1 Bq·g−1, that is, the classification detection
system for requirements of Cs-137.
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Usually, the larger the crystal volume or the number of crystals are, the smaller the
low limit of detection is. However, due to the high volume NaI crystal price, this paper
selects several differentNaI detection crystal arrangement and quantity as shown in Fig. 1
to simulate the detection of the lower limit change, in order to choose the most cost-
effective crystal arrangement and quantity. As shown in Fig. 3(a), when the background
count rate is 5 cps·cm−3 and when the detection time is 30 s, no detection scheme can
meet 0.1 Bq·g−1; when the detection time is 60 s, at least 4 NaI detection crystals should
be selected to meet 0.1 Bq·g−1; as shown in Fig. 3(b), when the background count
rate is 0.5 cps·cm−3, there is no limit to the number of NaI detection crystal blocks;
in Fig. 3(a)(b), it shows that the detection efficiency of the 8 NaI crystal tiling type is
better than the detection efficiency of the two-layer superposition form, mainly because
the gamma ray energy is low, and the radiation energy can be deposited by selecting
one layer of crystal, and the two-layer superposition form increases the lower limit of
background influence detection caused by the crystal itself.
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Fig. 3. Difference in themdcwith the volumeofNAI crystals in different environment background
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3.2 Effect of Average Distance Between Detector and Waste Upper Surface
on Low Limit of Detection

In the actual measurement process of the radioactive waste classification detection sys-
tem, the average distance between the detector and the waste surface is required to be
adjustable, so as to avoid the overflow of the waste to be detected and the detector can
achieve the best detection effect, so different source distances are used to simulate the
change of the low limit of detection. As shown in Fig. 4, it can be seen that the low limit
of detection increases as the average distance between the detector and the upper surface
of the waste increases. Figure 4(a), when the NaI background count rate is 5 cps;cm−3

and when the measurement time is 60 s, the average distance between the NaI detector
and the upper surface of the waste should not exceed 10 cm, even if the measurement
time is relaxed to 120 s, the average distance should not exceed 20 cm. Andwhen the NaI
background count rate is 0.5 cps;cm−3, the average distance between the NaI detector
and the upper surface of the waste should not exceed 50 cm.

3.3 Influence of the Density of Waste to be Measured on the Low Limit
of Detection

In addition, the types of waste of the decommissioning of nuclear facilities are various
and the density varies greatly, including metal materials such as steam generators in
nuclear power plant, waste gas masks, and radioactive medical waste. In order to explore
the impact of waste density on the low limit of detection and avoid discomfort to the
detection system due to excessive or small waste density, different waste densities are
used to simulate changes in the low limit of detection.

As shown inFig. 5, under the samemeasurement conditions, the low limit of detection
decreases with increasing waste density. Figure 5(a) when the measurement time is 60 s,
if the NaI background count rate is 5 cps·cm−3, the waste density should not be less than
0.25g·cm−3. Figure 5(b) when NaI background count rate is 0.5 cps·cm−3 there are no
restrictions on waste density.

3.4 Effect of Shielding on the Low Limit of Detection

The background count rate in the NaI detection crystal mainly comes from the noise of
the NaI crystal, the environmental background of the area where the detection system
is located, and the adjacent waste box to be tested. From the above analysis, it can be
seen that the background count rate of different levels also has an important impact on
the detection lower limit, so shielding must be set around the detector. Since the noise
of the NaI crystal itself cannot be eliminated by shielding, and the background count
rate in the NaI detection crystal with different intervals of the waste box to be detected
is not shielded. The result is shown in Table 1. The environmental background is much
lower than the influence of the adjacent waste box to be detected on the background of
the NaI detection crystal, so the following only simulates the waste box to be detected
at different intervals, changes in the lower limit of detection under different shielding
thicknesses.
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Fig. 4. Difference in themdcwith the average distance between the detector and the upper surface
of waste in different environment backgrounds



Design of Radioactive Waste Classification and Detection System 1091

20 40 60 80 100 120

10-2

10-1

M
D

C
(B

g
/g

)

time (s)

(a) background : 5 cps/m3

20 40 60 80 100 120
10-3

10-2

10-1

M
D

C
(B

g
/g

)

time (s)

(b) background : 0.5 cps/m3

0.1 0.5 1.5
0.25 1.0 2.0   (g/cm3)

0.1 0.5 1.5
0.25 1.0 2.0    (g/cm3)
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As shown in Fig. 6(a), when the spacing between adjacent waste boxes is 1 m, the
thickness of the shielding lead layer is 2 cm and 4 cm, respectively, the background count
rate can be reduced to 5 cps;cm−3 and 0.5 cps;cm−3 as shown in Fig. 6(a) and (b), when
the spacing between adjacent waste boxes is 1.5 m or more, the background count rate
can be reduced to 5 cps;cm−3 and 0.5 cps;cm−3 when the thickness of the shielding lead
layer is 1 cm and 3 cm, respectively. As shown in Table 2, for a conservative estimate,
when the distance between adjacent waste boxes is selected for 1 m, the background
count rate is reduced to 5 cps;cm−3 and 0.5 cps;cm−3, respectively. The weight of lead
shielding is about 139.3 kg and 303.1 kg, because the aging lead used for shielding is
expensive, so it is proposed to use 2 cm thickness lead shielding.



1092 K. Chang et al.

Table 1. Background count rate in NAI without sheilding

Background type NaI count rate response/CPS·Bq−1

Regional environmental background 3.74E-05

Waste box to be tested Distance 1.0 m 6.52E-03

Distance 1.5 m 3.14E-03

Distance 2.0 m 1.56E-03
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Fig. 6. Difference in the MDC with the distance between adjacent wastes to be detected

Table 2. Parameters after shielding

Shield lead
layer
thickness/
cm

Background
count rate/
cps·Bq−1

Number of
crystals

Minimum
source
distance/
cm

Waste
minimum
density/
g·cm−3

Lead shield
weight/
kg

2 5 4 20 0.25 139.3

4 0.5 Unlimited 50 Unlimited 303.1

4 Conclusions

In this paper,MonteCarlo softwareMCNPandFLUKAare used to simulate the influence
of the number of NaI crystals, the composition of the measured object, the distance
between the detection crystal and the measured object, and the measurement time on the
lower limit of detection. The results show that:

1) In the case of the same arrangement method, the lower limit of detection varies with
the increase in the number of detected crystals; the low limit of detection of the
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tiling type is better than the two-layer superposition form; it is expected to use 8 NaI
crystal tiling type arrangement method in engineering.

2) The low limit of detection deteriorates as the average distance between the detector
and the upper surface of the waste increases;

3) The low limit of detection increases with increasing waste density;

Taking into account the weight and shielding effect of lead shielding, it is proposed
to use 2 cm thickness lead shielding to reduce the background count rate to 5 cps·cm−3

below, at the same time, the average distance between the NaI detector and the upper
surface of the waste should be controlled at 20 cm, and the waste density should be
controlled not less than 0.25 g·cm−3.

Fig. 7. Device schematic

Based on the above research contents, this paper designs the device as shown in the
Fig. 7. The conveyor transports the detection cassettes containing the radioactive waste
into the detection chamber with shielding and collimation through the pedrail. The
source-less efficiency and energy spectrum analysis program completes the calibration
and measurement of the waste, according to which the radioactive of the waste is judged
and classified, and the transmission device is controlled to continue to move.
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Abstract. Coated particle-dispersed fuel pellets have the characteristics of high
thermal conductivity and multilayer protection against fission products, which
are an important component of ATF fuel. In this paper, by carrying out research
on the dressing process of TRISO particles, it is realized that SiC powder com-
pletely encapsulates TRISO particles. The hot-pressing sinteringmethodwas used
to study the influence of different sintering aids, different hot-pressing sintering
holding time, different hot-pressing sintering temperature, different hot-pressing
sintering pressure and different powder particle size on the density of pellets. The
power with a particle size of 10nm is sintered at 3% sintering aid, 1690 °C, 1.5h
holding time, 80MPa vacuum hot pressing, and a full ceramic micro-encapsulated
fuel corewith a relative density of 95%ormore is prepared, and the internal particle
structure is complete.

Keywords: Coated particle-dispersed fuel pellets · TRISO · Hot press sintering

1 Introduction

The purpose of research and development of advanced reactor systems is to meet the
economic, environmental and social development needs of the 21st century. Its technical
goals involve four aspects: sustainability, economy, safety and reliability, nuclear non-
proliferation and physical protection. Specifically, it contains eight technical goals, cov-
ering various technical directions related to the design and implementation of reactors,
energy conversion systems and fuel cycle facilities.

The nuclear fuel element is the core component of the reactor, and its advanced
nature and safety are the important basis for the advanced nature and safety of the
reactor. ATF (Accident Tolerant Fuel) fuel that can tolerate accidents to a certain extent
and has inherent safety, is an important development direction in the field of nuclear fuel
in the world. As an important part of ATF, the coated particle-dispersed fuel obtained
from TRISO particle-dispersed silicon carbide matrix is aimed at the weakness of the
traditional UO2-Zr alloy fuel system, and combines the mature TRISO (Tri-Structural
Isotropic) particles with the tolerance of fission products. As well as the advantages of
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good thermal performance and thermal stability of SiC matrix, it is a more promising
development direction in advanced accident-resistant nuclear fuel.

The coated particle-dispersed fuel is based on a fuel pellet with three-dimensionally
isotropic TRISO-coated particles embedded in a SiC matrix. The structure of the pellets
and the internal TRISO particles is shown in Fig. 1. Such pellets feature high thermal
conductivity, multiple layers of protection against cracking products, and high burnup,
which facilitates normal and transient operability of the reactor.

Fig. 1. Schematic diagram of TRISO particle and coated particle dispersion fuel

After the concept of coated particle dispersion fuel in which TRISO particles are
dispersed in a silicon carbide matrix was proposed, researchers from the United States,
South Korea and other countries have conducted in-depth research in this direction, and
prepared products with good thermal conductivity. All-ceramic microencapsulated die
with uniform phase distribution.

In this paper, the effect of binder on the dressing of TRISO granules and the effect
of pre-compression molding pressure on the green density were studied through mix-
ing, molding and hot-pressing sintering experiments. After the SiC matrix and TRISO
particles were uniformly mixed and molded, the effects of different sintering aid con-
tents, different hot-pressing holding times, different hot-pressing sintering temperatures,
different hot-pressing sintering pressures, and different powder particle sizes on the
properties of pellets were studied.

2 Materials and Methods

2.1 Materials

The TRISO particles used in the study are fuel particles with spherical UO2 as the core.
The outer layer of the core is sequentially coatedwith loose pyrolytic carbon, inner dense
pyrolytic carbon, silicon carbide and outer dense pyrolytic carbon. The SiC powder used
is β phase and its purity is greater than 99.9%. The particle size distribution of the raw
material powder is relatively uniform, but the deviation between the median value and
the average value is small, and the powder particle size as a whole presents a normal
distribution centered on the median value.

Due to the poor sintering performance of SiC powder, in the process of preparing
by NITE liquid phase sintering method, adding a small amount of sintering aid for co-
sintering can improve the sintering performance of the material to a certain extent. The
sintering aids used in the test are Al2O3 and Y2O3 powders with a purity > 99.9%.
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2.2 Methods

Put SiC powder with a particle size of 10nm and 3wt% sintering aid (the mass ratio
of nano-scale Al2O3 and Y2O3 is 7:3) into a ball mill jar, with anhydrous ethanol as
the dispersant, stainless steel balls as the grinding balls, The ratio is 3:1, and the ball
milling time is 4 h. After ball milling, the powder is dried, crushed and sieved; the sieved
mixed powder is evenly wrapped on the surface of the TRISO particles; the TRISO
particles after uniformly wrapping the base powder and the base powder are mixed
uniformly according to a certain volume ratio, and then pre-compressed and formed;
finally Vacuum hot pressing sintering, heating rate 10 °C·min-1, sintering temperature
1650 ~ 1750 °C, 1 ~ 2.5 h holding time, 65 ~ 90 MPa.

3 Results and Discussion

3.1 Influence of Binder on Dressing Effect of TRISO Particles

In order to improve the compatibility of SiC and TRISO particles during the green
forming process of the coated particle-dispersed fuel pellets, and at the same time prevent
the TRISO particles from contacting each other, it is necessary to coat a layer of SiC on
the surface of the TRISO particles.

Due to the large difference in particle size between TRISO particles and SiC powder,
it is difficult for SiC to directly coat the surface of TRISO particles without binder, as
shown in Fig. 2(a). After investigation and test, use glycerol as binder, absolute ethanol
as diluent, configure 10% glycerol-absolute ethanol as binder, and use glue tip dropper to
evenly wrap the surface of TRISO particles with a layer of adhesive. Then, it is dispersed
into the matrix powder (SiC + sintering aid) to realize the bonding of a layer of matrix
powder on the surface of the TRISO particles. As shown in Fig. 2(b), the surface of the
TRISO particles is completely covered and the dressing effect is good.

(a)                (b)

Fig. 2. Mixture macro effect diagram:(a) The effect of dressing without binder.(b) The effect of
dressing without binder
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3.2 Influence of Pre-press Forming Pressure on Green Density

The weight of the TRISO particles and the SiC powder after adding the sintering aid
are calculated and weighed according to the volume fraction, and the ingredients are
mixed, and then loaded into the pre-compression mold, and the floating female mold
is pre-compressed using a micro-controlled pressure testing machine to determine the
molding pressure and raw material. The relationship between blank density and TRISO
particle integrity is shown in Fig. 3. It can be seen from Fig. 3 that the higher the pressing
pressure, the higher the green density of the pellets. The higher the green density, the
better the density of pellets after sintering, so the molding pressure should be raised as
high as possible. It was observed in the experiment that when the pressure was lower
than 2.0 KN, the TRISO particles were not damaged, and when the pressure reached
2.5 KN, the surface layer of some TRISO particles appeared to fall off, and there was
abnormal noise during the pressing process.

Fig. 3. Variation curve of green density with pressure

3.3 Effects of Different Hot Pressing Sintering Processes on the Properties
of Pellets

Table 1 shows the density changes of pellet fuel pellets covered by pressureless sintering
under different additions of sintering aids. When the addition of sintering aids is less
than 3wt%, the density of pellets increases with the addition of sintering aids., when
the addition amount of sintering aid is greater than 3wt%, the increase in the density of
pellets is no longer obvious.

Table 2 shows the change results of the density and phase of the pellets at different
hot pressing sintering temperatures. It can be seen from the results that as the sintering
temperature increases, the density of the pellets increases, and the β-SiC in the pellets
will be partially converted into α -SiC, when the sintering temperature is higher than
1710 °C, obvious α-SiC diffraction peaks appear in the pellet phase.
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Table 1. Effect of Sintering Aid Additives on the Density of Pellets

Addition of sintering aid Relative density of pressureless sintered pellets

0wt% 58.32%T.D

1wt% 67.24%T.D

3wt% 78.92%T.D

5wt% 78.95%T.D

7wt% 78.86%T.D

10wt% 78.97%T.D

Table 2. Influence of sintering temperature on the density and phase of pellets

Hot pressing sintering
temperature

Pellets relative density Pellets phase

1660 °C 89.77%T.D Pure β-phase

1690 °C 92.14%T.D No obvious α-phase diffraction
peaks

1710 °C 95.31%T.D obvious α-phase diffraction peaks

1760 °C 96.58%T.D obvious α-phase diffraction peaks

Table 3 shows the change results of the density of pellets under different hot pressing
and holding time. With the prolongation of holding time, the diffraction peak of α-SiC
phase in the pellets gradually increased; when the holding time was 1h, the inner and
outer layers of the pellets appeared Phenomenon, the pellets are not burned through, and
after the holding time exceeds 2h, the density of the pellets does not increase significantly.

Table 3. The effect of holding time on the density of pellets

Holding time Pellets relative density

1 h The pellets are not fully burned, and the phenomenon of internal and external
delamination occurs

1.5 h 95.31%T.D

2 h 95.89%T.D

2.5 h 95.81%T.D

Table 4 is divided into the change results of the density of pellets under different
hot-pressing pressures. The analysis results show that with the increase of hot-pressing
pressure, the density of pellets gradually increases. When the hot-pressing pressure is in
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the range of 75 ~ 80 MPa, the The increase in density decreases. When the hot pressing
pressure reaches 90 MPa, the punch on the die breaks.

Table 4. The effect of sintering pressure on the density of pellets

Hot pressing pressure Pellets relative density

65 MPa 92.69%T.D

70 MPa 93.92%T.D

75 MPa 94.89%T.D

80 MPa 95.26%T.D

90 MPa The punch on the die breaks

Table 5 shows the experimental results of SiC powder with different particle sizes.
It can be seen from the results that with the decrease of powder particle size, the density
of pellets gradually increases.

Table 5. Effect of Powder Particle Size on Pellets Density

Powder particle size Sintering parameters Pellets relative density

500 nm 3wt% sintering aid/1690 °C/80 MPa 94.89%T.D

100 nm 95.34%T.D

10 nm 96.23%T.D

3.4 Performance Characterization of Coated Particle-Dispersed Fuel Pellets

Using SiC matrix powder with a particle size of 10nm, vacuum hot-pressing sinter-
ing at 3wt% sintering aid addition, 1690 °C hot-pressing sintering temperature, 1.5
h holding time, and 80 MPa hot-pressing sintering pressure, the obtained all-ceramic
micro-encapsulated dispersed fuel pellets were prepared. The real thing is shown in
Fig. 4.

Fig. 4. Coated particle dispersion fuel pellets
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TheSEMof theSiCmatrix is shown inFig. 5, the second phase composed of sintering
aids exists inside the SiC matrix, and the distribution is uniform. The metallographic
photos of TRISO particles can clearly see that the outer layer of the particles has 4
layers of cladding layers, the particle structure is complete, and there is no damage
during the molding and sintering process. After core sintering, the thickness and element
distribution of each layer of TRISO particles are still comparable to those of the original
particles, and the thickness of the outer dense pyrolytic carbon layer is 19 μm.

Fig. 5. SEM image of coated particle-dispersed fuel pellets

It can be seen from Fig. 6(a) that the thermal diffusivity of the coated particle-
dispersed fuel core gradually decreases with the increase of temperature, and the thermal
diffusivity at each temperature point is lower than that of the base SiC. The addition of
TRISOparticles reduces the core to a certain extent. The thermal diffusivity is still signif-
icantly higher than that of the traditional UO2 fuel core. It can be seen from Fig. 6(b)that
the thermal expansion coefficient of the fuel core increases gradually with the increase of
temperature, and the change trend is linear. As the content of TRISO particles increases,
the thermal expansion coefficient of the core decreases slightly. In the range of 0 –
1000 °C, the thermal expansion coefficient of the coated particle-dispersed fuel core is
significantly lower than that of the traditional UO2 core.
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(a)                     (b)

Fig. 6. Thermophysical properties vary with temperature:(a) Thermal diffusivity. (b) Thermal
expansion coefficient

4 Conclusions

(1) Through the research on the dressing process of TRISO granules, TRISO granules
with complete surface coating and good dressing effect were prepared.

(2) The hot-pressing sintering process of all-ceramic micro-encapsulated pellets was
established, and the coated particle-dispersed fuel pellets with a relative density
of 96% T.D. were prepared, and the SiC matrix phase was β-SiC, and the TRISO
particles inside the pellets were evenly distributed.

(3) The thermal diffusivity of the coated particle-dispersed fuel pellets obtained under
the optimal process is higher than that of the conventional UO2 pellets, and the
thermal expansion coefficient is lower than that of the conventional UO2 pellets.
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Abstract. The capillary characteristics of thewicks are of great significance to the
normal operation of the heat pipe,and this study carried out the wick experiment
of vertical reel stainless steel wire mesh in liquid sodiumworking medium and the
visual observation experiment of sodium film in the wire mesh wick. The experi-
mental results show that when the temperature of liquid sodium is about 400 °C,
the capillary phenomenon of stainless steel wire mesh occurs more obviously, and
after 450 °C, the evaporation of sodium is gradually obvious and accompanied by
the mass fluctuation of the wire mesh wick. The visual observation experiment of
sodium liquid film in the wire mesh found that the wetting and transition point of
sodiumon the surface of the stainless steel wiremeshwas about 410 °C,whichwas
a good verification of the occurrence of the more obvious capillary phenomenon
of the wick at about 400 °C.

Keywords: Alakali metal heat pipe ·Wick · Capillary characteristics · Contact
angle

1 Introduction

Heat pipe is an efficient heat transfer component that uses working medium to transfer
heat at different parts of the phase change. The heat pipe principle was first proposed by
Gaugler [1] in 1944. In 1965, Cotter [2] first proposed a relatively complete theory of
thermal management. Because of their superiority, Heat pipes are also used for cooling
abyssal sea reactors and abyssal sea reactors. However, the heat transfer capacity of
the heat pipe is limited by its own heat transfer limit. When the heat transfer limit of
the heat pipe occurs, the heat of the reactor core cannot be exported in time, which
leads to a reactor safety accident. The capillary limit is due to the fact that the capillary
indenter produced by the evaporation and condensation sections of the heat pipe is not
enough to overcome the pressure drop caused by the return of the working medium.
The working fluid cannot flow back to the evaporation section normally. It will cause
the evaporation section to dry up, and cause the wall temperature of the evaporation
section to rise rapidly, and even burnout the heat pipe wall. Since the heat pipes are
all operating at high temperatures in the heat pipe cooling reactor. The heat pipes must
use high temperature heat pipes. The working medium of high-temperature heat pipes
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is generally lithium, sodium, potassium and other alkali metals, so high-temperature
heat pipes are often referred to as alkali metal heat pipes. Because of the high viscosity
and density of alkali metals, a greater driving force is required in the reflux of the wick.
Therefore, exploring the capillary force of the high-temperature heat pipewick can guide
the selection of the operating conditions of the heat pipe, so as to avoid the occurrence
of the capillary limit of the high-temperature heat pipe and ensure the safety of the
operation of the space reactor.

The most commonly used methods for testing capillary characteristics in the wick
are the bubble method [3] and the capillary rising method. Shufeng Huang [4] tested the
capillary characteristics of a new type of stainless steel fiber-powder compositewickwith
the capillary rise method and compared it with a composite wick with a single structure
and other structures. Guanghan Huang [5] used an infrared camera to set up a capillary
rise rate test device that measured the capillary characteristics of the axial channel wick
of the alkaline corrosion treatment. Yong Tang [6] used an infrared camera combined
with capillary rise method to measure the capillary performance of the sintered groove
composite wick, sintered wick and groove wick with ethanol as the working medium.
The results show that the sintered powder wick has better capillary characteristics than
the single structure wick. Heng Tang [7] measured the capillary characteristics of a new
micro-V-shaped channel wick using the capillary ascending method and acetone as the
working medium. Daxiang Deng [8] used a new infrared thermal imaging method to
test the capillary characteristics of the sintered groove wick with ethanol as the working
medium. Daxiang Deng [9] also tested the capillary characteristics of the micro-V-
channel wick with ethanol and acetone for the working medium. Li [10] calculated the
capillary characteristics of different porosity wicks in acetone using the mass change
curve assessment recorded by the electronic balance.

Most of the above scholars are experiments on the capillary characteristics of sintered
wicks, groove wicks and composite wicks with ethanol and acetone as working medium.
Due to the reactive chemical properties of the alkali metal working medium, there are
fewer test experiments for the capillary core performance of alkali metal heat pipes. In
this paper, 304 stainless steel is used as the material of the wire mesh wick, sodium is
used as the working medium, and the capillary characteristics of the wire mesh wick is
studied by the capillary rising method, and the capillary characteristics of the sodium
heat pipe are preliminarily explored. The sodium film in the screen was photographed,
and the spread of liquid sodium at different temperatures on the stainless steel wire mesh
was obtained, and the law of the capillary ability of the wire mesh wick changed with
temperature was verified.

2 Experimental Methods and Principles

2.1 Experiment on Capillary Ability of the Wire Mesh Wick

The capillary ability experiment of the wick is measured by the capillary rise method and
the quality change process of the wick is recorded with an electronic balance. Figure 1
shows the entire experimental setup and schematic. The experimental principle is that
when the wire mesh wick sample is extended into a stainless steel test tube containing
liquid sodium, the liquid sodium will be sucked into the wick due to the influence of
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Fig. 1. Capillary ability test equipment diagram

capillary force and can reach a certain height. When the rise of sodium in the wire mesh
wick reaches stability, the following relationship is satisfied:

h = 2σ cos θ

ρgrp
= 2σ

ρgreff
(1)

wherein θ is the contact angle between sodium and the wire mesh wick, the σ is the
surface tension of liquid sodium, rp is the liquid sodium density, reff is the effective
capillary radius of the wick, and rp is the pore radius. The experimental equipment
includes glove box, well-type heating furnace, electronic balance and so on. The glove
box provides an inert gas environmentwith its own dehydration and deaeration functions,
which can avoid the contamination of the sodiumworking medium by oxygen and water
vapor during the experiment. Both the well furnace and the electronic balance are placed
inside the glove box in the argon atmosphere. The electronic balance has a maximum
range of 220 g, an accuracy of 0.2 mg, and can be connected to the computer segment
to output real-time quality changes. The test tube contains a K-type thermocouple for
internal liquid sodium temperature measurement, and the XSR21A series paperless
recorder is used to implement the output temperature data, and the paperless recorder
error is 0.2%· F, which F is the set range.

2.2 Sodium Membrane Spreading Observation Experiment

The spreading observation experiment of liquid sodium on the surface of stainless steel
wire mesh is based on a heating stage and amicroscope, and the experimental equipment
diagram is shown in Fig. 2. The hot stage contains platinum electric heating material
and crucibles inside and can be heated at a maximum heating temperature of up to
1500 °C. Cold water circulation devices and inert gas runners are provided around the
hot stage. Cooling circulation units are used to cool hot stage materials, and inert gases
can reduce air pollution to sodium during experiments. The microscope has a maximum
magnification of 1000X and can observe samples in the micron range.
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Fig. 2. Hot stage experimental equipment diagram

During the experiment, argon gas is continuously pumped in the crucible of the hot
stage, and then the sodium block is placed inside the crucible of the hot stage, and then
the cleaned stainless steel wire mesh is covered on the surface of the sodium block.
Close the hot stage cover and place under the microscope and select multiples of the
microscope objective, focusing until the mesh structure is clearly visible. Then turn on
the chiller and turn on the heating to photograph the screen at the set temperature.

3 Analysis of Experimental Processes and Results

The experiment adopted 800 mesh 304 stainless steel wire mesh wick as the material,
and it was fixed by three-layer rolling. The wick was cleaned in absolute ethanol and
acetone successively using an ultrasonic cleaner. Samples of the cleaned wick was sent
to the inside of the glove box through the glove box transition chamber. Removed the
sodium from the kerosene in the glove box and cut off the surface oxide layer of sodium
with a knife. Weigh 120 g of sodium on a balance and place in a stainless steel test
tube. The balance indication was adjusted and zeroed, and the wick was weighed and
fixed with a hook under the balance, resulting in an initial mass of 44.847 g. The tube
clamping height was adjusted by the motor, and the initial liquid sodium infiltration
depth was calculated to be about 1.2 cm. The experimental heating temperature program
was set to rise first and then fall. When the water content and oxygen content in the
gloves dropped below 0.5 ppm and 1 ppm, respectively, and the balance indication was
no longer significantly changed, the well furnace was opened and the experiment began.
The experimental results of the 800 mesh 3-layer wire mesh aspiration core are shown
in Fig. 3.

As can be seen from the Fig. 3, the mass of the wick remains essentially unchanged
when heated to 300 °C at the initial temperature. At 300 °C, the stepper motor is driven
to move the wick sample downward so that it comes into contact with the liquid sodium,
so there is a turning point of mass degradation at 300 °C. In the temperature range of
300–400 °C, the mass of the wick increases only slightly, and is accompanied by small
mass fluctuations, and the analysis may be due to the combined effect of sodium flow
and sodium evaporation. After the temperature reaches 400 °C, the mass of the wick
as shown in Fig. 3 increases significantly and basically reaches the initial level. When
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Fig. 3. 800 mesh wick experimental result diagram

heated from 400 °C to 450 °C, the mass of the wick changes are small and there are
no significant mass fluctuations. When the liquid sodium temperature reaches 450 °C,
the evaporation of metallic sodium is significantly enhanced, which directly leads to
significant fluctuations in the quality of the wick in the range of temperature 450 °C to
650 °C.When heated to around 520 °C at 450 °C, the mass of the wick increases slightly.
Bader [11] shows that the contact angle of sodium on the 304 stainless steel wire varies
with temperature as shown in Fig. 4, which shows that sodium has a wetting transition
point near about 400 °C. Therefore, the quality of the wick changes significantly at
400 °C in the experiment, because the contact angle of liquid sodium on the surface of
stainless steel is suddenly reduced, so that the capillary ability of the wick is enhanced.
The experimental results are basically consistent with the results of the contact angle
change given in the literature. And after 500 °C, the liquid sodium and stainless steel
have basically been completely wet, the mass change of the wick is not as obvious as
when it is 400 °C, and the violent sodium evaporation phenomenon makes the quality
of the wick fluctuate greatly.

However, during heating from 520 °C to 650 °C, the quality of the wick decreases
slightly. However, in the cooling stage after 650 °C, due to the increase in surface
tension of liquid sodium, the capillary effect is enhanced, the suction effect of the wick
on sodium is enhanced, the quality of the wick continues to rise, and the quality of the
wick reaches stability after the cooling reaches 400 °C. Figure 5 shows the results of the
wick, which shows that the sample has been basically completely infiltrated at the end
of the experiment, and the highest infiltration height of sodium measured with a ruler is
about 15 cm, and the final wick weighing mass has reached 49.378 g.
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Fig. 4. The contact angle between liquid sodium and stainless steel changes with temperature

Fig. 5. wire mesh wick sodium aspiration experimental result diagram.

The results of the wire mesh wick sodium liquid film observation experiment are
shown in the following figure. Figure 6 shows the microstructure diagram of the wick
in the initial state, and the surface of the wire mesh shows a silvery-white luster. At a
heating temperature of 400 °C, the wire mesh surface loses its original luster, producing
yellow and green corrosive products. One of the corrosion products contains a Cr2O3
oxide layer on the surface of stainless steel that reacts with sodium to form a NaCrO2
ternary oxide. At this time, a clear metallic luster appears inside the wire mesh, and
liquid sodium begins to be gradually sucked onto the surface of the wire mesh wick
Fig. 7.

When the heating temperature reaches 500 °C, liquid sodium is sucked onto the
surface of the wire mesh due to capillary force, and the experimental results are shown in
Fig. 8. When the heating temperature reaches 550 °C, the objective lens is contaminated
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Fig. 6. Mesh structure diagram in the initial state

with sodium vapor due to the evaporation of sodium, resulting in a decrease in the
brightness of the picture as shown in Fig. 9. At 600 °C, due to the evaporation of sodium,
the reason for the reductionof the sodiumfilm inside thewiremesh and the reasonwhy the
sodium vapor covers the lens cannot be observed significantly metallic. The observation
experiment of sodium film spreading in the wire mesh is a good verification of the results
of the increase of the capillary capacity of the 800meshwiremeshwickwith the increase
of temperature, and the increase of sodium suction of the wick leads to the increase of
its own quality. During the experiment, a momentary temperature transition point was
captured, it was about 410 °C. Since the argon gas flow has been passed through during
the experimental process, the temperature on the surface of the wiremeshwill be slightly
lower than the temperature of the heating wire, so the temperature transition point should
be before 410 °C.

Fig. 7. Spread of sodium film in the wick at 400 °C
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Fig. 8. Spread of sodium film in the wick at 500 °C

Fig. 9. Spread of sodium film in the wick at 600 °C

4 Conclusion

In the capillary ability experiment of the wick, when heated from 300 °C to 450 °C, the
quality of the wick increased to a certain extent, and the increase of sodium vapor after
450 °C made the quality of the suction core fluctuate significantly. In the temperature
range of 520–650 °C, the quality of the wick is slightly reduced. The magnitude of the
fluctuations also increases as the temperature increases. And in the process of cooling
down by 650 °C for the first time, with the increase of the surface tension of liquid
sodium, the wick has a significant increase in mass. Before and after the experiment, the
sodium infiltration height of the 800-mesh wick increased from 1.2 cm to 15 cm, and the
mass increased from 44.847 g to 49.378 g. The observation experiment of the spread of
sodium film in the wire mesh proved that when near 410 °C, there is a transition point
of liquid sodium and stainless steel wetting, and the capillary ability increases more
obviously, and more sodium is sucked on the suction core, which is mutually verified
with a strong growth when the quality of the wick is about 400 °C in the capillary
experiment. And at 500 °C, liquid sodium has good wetting properties on the surface of
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stainless steel wire mesh, and liquid sodium has been better spread on the surface of the
wire mesh wick.
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Abstract. Based on the full reference to the existing engineering practice and
safety review experience, and considering the actual design characteristics of the
small modular reactor ACP100, a set of source term analysis method suitable for
ACP100 of the steam generator tube rupture (SGTR) accident is proposed, and
the source term analysis and consequence evaluation of ACP100 SGTR accident
was carried out using this method. The analysis shows that the radiological conse-
quences of the accident source term calculated by this methodmeet the acceptance
criteria of small modular reactor. The analysis results of this article can provide
support for the follow-up review of accident source term of ACP100.

Keywords: Small modular reactor · SGTR · Source term analysis method

1 Introduction

The steam generator tube rupture (SGTR) is one of the design basis accidents with
high frequency and great impact during the life of the pressurized water reactor nuclear
power plant, and it is also the focus of domestic nuclear safety supervision and review
agencies. After SGTR, the water and steam in secondary coolant were radioactively
polluted due to the release of primary coolant containing radionuclides to the secondary
coolant through the break in the tube of steam generator. The radioactively polluted
secondary coolant steam is released to the environment through the condenser extraction
or the safety valve of the steam generator, resulting in radioactive contamination of the
environment [1]. Therefore, it is great significance to carry out the SGTR source term
analysis conservatively and reasonably.

This study fully investigates the SGTR source term analysis methods of M310
and Hualong 1 (ACP1000). By comparing the design differences of M310, ACP1000
and ACP100, according to the calculation assumptions and parameters of M310 and
ACP1000, combined with the design characteristics of ACP100, proposed the SGTR
source term analysis method of ACP100, and an ACP100 nuclear power unit SGTR
source term analysis and radiological consequence evaluation are carried out using this
method.
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2 Calculation Assumptions and Parameters

In this study, the calculation assumptions and parameters of M310, ACP1000 and
ACP100 regarding the primary coolant activity and the iodine carryover coefficient
in the steam generator were compared and analyzed.

2.1 Primary Coolant Activity

In the accident condition, the primary coolant activity will have an activity peak phe-
nomenon. At this time, the primary coolant activity is in a transient value, and transient
assumptions is related with steady state value before the accident.

2.1.1 Primary Coolant Activity in Steady State

SGTR source term analysis of M310, the primary coolant activity in steady state is
normalized at 4.44GBq/t in I-131 equivalent, it is themaximumvalue of 200 reactor-year
operations in aFrenchnuclear power plant [2]. This value is not conservative enough to be
lower than the operating limit of primary coolant activity [3]. SGTR source term analysis
of ACP1000, the primary coolant activity in steady state is normalized at 37 GBq/t DE
I-131, it is assumed that the fuel element cladding failure rate is 0.25%. This value
corresponds to the technical specification the maximum radioactivity limit condition is
conservative enough [4]. Therefore, ACP100 refers to assumption of ACP1000, and the
primary coolant activity in steady stat is assumed that the fuel element cladding failure
rate is 0.25%, and the calculation results are normalized at 7.4 GBq/t DE I-131, as shown
in Table 1.

2.2 Primary Coolant Activity in Transient State

2.2.1 Primary Coolant Noble-Gas Activity in Transient State

Primary coolant noble-gas activity in transient state ofM310 andACP1000 are the steady
state value multiplied by the crest factor, the crest factor is taken from the operating
experience of the French nuclear power station. The main factors affecting the crest
factor are the reactor power and operating pressure. M310, ACP1000 and ACP100 have
different reactor power, but the fuel assemblies used are of the same type, the mechanism
of fission products released from damaged fuel rods to the primary coolant is the same,
and the primary coolant system pressure is similar, so the primary coolant noble-gas
activity in transient state calculation of ACP100 can use the same crest factor as that of
M310 and ACP1000. The crest factor is shown in Table 1.

2.2.2 Primary Coolant Iodine Activity in Transient State

For M310, the primary coolant iodine activity in transient state is the steady state value
multiplied by the crest factor. ACP1000 considers two case of preaccident iodine spike
and concurrent iodine spike, referring to the assumptions inRG1.183 [5]. For preaccident
iodine spike case, primary coolant iodine concentration to the maximum value (typically
60 µCi/gm DE I-131) peimitted by the technical specification. For concurrent iodine
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spike, the increase in primary coolant iodine concentration is estimated using a spiking
model that assumes that the iodine release rate from the fuel rods to the primary coolant
increases to a value 335 times greater than the release rate corresponding to the iodine
concentration at the equilibrium value (typically 1.0 µCi/gm DE I-131) specified in
technical specifications, the assumed iodine spike duration should be 8 h. Through
comparative analysis, the iodine peak release phenomenon in the SGTR source term
analysis of M310 considers the transient state before the accident, which is similar to
the preaccident iodine spike case of ACP1000, but the M310 does not consider the peak
release phenomenon similar to concurrent iodine spike case of ACP1000.

According to the stipulations in Analysis criterion of the design basis accident source
terms for pressurized water reactor nuclear power plant(NB/T 20444-2017RK) [6], the
SGTR source term analysis in new pressurizedwater reactor nuclear power plants should
consider the preaccident iodine spike case and concurrent iodine spike case, SGTR
preaccident iodine spike case accident is a limit accident, and SGTR concurrent iodine
spike case accident is a rare accident. Therefore, the ACP100 SGTR accident source
term analysis intends to consider preaccident iodine spike case and concurrent iodine
spike case.

1) Primary coolant activity in preaccident iodine spike
If ACP100 directly refers to the assumption of RG1.183, it is obviously too conser-
vative to increase primary coolant activity in preaccident iodine spike to 2220 GBq/t
DE I-131. Therefore, for the SGTR preaccident iodine spike, the primary coolant
activity in preaccident iodine spike calculation method is proposed in this paper of
ACP100.

Referring to ACP1000, the iodine peak assumes that the primary coolant activity in
preaccident iodine spike increases from 37 GBq/t DE I-131 to 2220 GBq/t DE I-131,
that is, the primary coolant activity in preaccident iodine spike increases to 60 times
steady state value. Therefore, assuming SGTR preaccident iodine spike of ACP100, the
primary coolant activity in preaccident iodine spike also increases to 60 times the steady
state value(7.4 GBq/t DE I-131), that is, 444 GBq/t DE I-131. Under this assumption,
primary coolant activity in preaccident iodine spike of ACP100 is shown in Table 1.

2) Primary coolant activity in concurrent iodine spike

For SGTR concurrent iodine spike accident analysis of ACP100, referring to the
assumption of RG1.183, assuming that the iodine release rate from the fuel rods to the
primary coolant increases to a value 335 times greater than the release rate corresponding
to the iodine concentration at the equilibrium value (7.4 GBq/t DE I-131) specified in
technical specifications, that is, the leakage rate from the fuel element into the primary
coolant is 335 times the normal leakage rate, the assumed iodine spike duration should
be 8 h.
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The leakage rate of iodine from the fuel element into the primary coolant in transient
state:

Li = C · Ri

Ii · fi · η (1)

Li is the leakage rate of the nuclide from the fuel element into the primary coolant in
transient state, 1/s;
C is the iodine concentration increase times in transient state;
Ri is the equilibrium iodine release rate of nuclide, Bq/s;
Ii is the inventory of the nuclide in core, Bq;
fi is the nuclide fraction in the fuel pellet-cladding gap;
η is the fuel cladding damage fraction, 0.25%.

Table 1. Primary coolant activity

Nuclides Primary coolant
activity in steady state
(GBq/t)

Crest factor primary coolant
activity in preaccident
iodine spike (GBq/t)

Leakage rate of
iodine from the fuel
element into the
primary coolant in
transient state (1/s)

Kr-85m 1.37E + 01 2.38 3.25E + 01 /

Kr-85 4.57E-01 1.00 4.57E-01 /

Kr-87 2.00E + 01 2.34 4.69E + 01 /

Kr-88 3.27E + 01 2.28 7.46E + 01 /

Xe-133m 5.31E + 00 2.22 1.18E + 01 /

Xe-133 1.56E + 02 1.89 2.96E + 02 /

Xe-135 1.13E + 02 1.35 1.52E + 02 /

Xe-138 3.59E + 01 2.84 1.02E + 02 /

I-131 4.94E + 00 / 2.97E + 02 5.63E − 04

I-132 4.74E + 00 / 2.84E + 02 1.60E − 03

I-133 7.47E + 00 / 4.48E + 02 5.59E − 04

I-134 1.44E + 00 / 8.64E + 01 1.01E − 03

I-135 4.04E + 00 / 2.43E + 02 5.86E − 04

DE I-131 7.4 / 444 /

2.3 Iodine Carrying Coefficient in Steam Generator

The design of the once-through steam generator used in ACP100 is quite different from
the U-tube steam generator used inM310 and ACP1000 [7]. The U-tube steam generator
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is a saturated steam generator. The heat transfer tube of the steam generator is completely
immersed in water. The iodine of primary coolant leaking to the secondary coolant
through the break of the steam generator tube enters the secondary coolant. The iodine
of liquid phase is carried into the gas phase on the secondary coolant with the steam,
and then released to the environment through the safety valve of the steam generator.

For the once-through steam generator, the secondary coolant is divided into a pre-
heating section, an evaporation section and a superheating section according to the
characteristics of the boiling phase change of the secondary coolant. In the superheat
section, the iodine in the liquid flashes quickly into the vapor phase and is released to
the environment through the steam generator safety valve. Compared with the U-tube
steam generator, the iodine in the once-through steam generator is more easily carried
by the vapor from the liquid phase to the vapor phase. Therefore, the carry coefficient
is obviously not conservative enough if ACP100 directly refers to the iodine of M310
or ACP1000 on the secondary coolant of the steam generator. Since the liquid on the
wall of the heat transfer tube will evaporate to dryness in the superheating section of the
once-through steam generator, during this process, the iodine in the secondary coolant
liquid phasewill flash into the secondary coolant vapor phase. So it can be conservatively
assumed that iodine carryover factor on the secondary coolant of steam generators is 1.

3 SGTR Source Term Analysis and Radiological Consequence
Evaluation of ACP100

3.1 Source Term Analysis Results

Using the calculation assumptions and parameters in Sect. 2, the cumulative source term
to the environment after SGTR accident calculated using the ASTA program are shown
in Table 2. ASTA is a program independently developed by nuclear power institute of
china for calculating the release of radionuclides to the environment under accident
conditions.

3.2 Analysis Results of Radiological Consequences

The individual dose limits in the “Principles for Safety Review of Modular Small Pres-
surized Water Reactor Nuclear Power Plant Demonstration Projects (Trial version) in
Chinese” are respectively determined as: The effective dose that the public individual
(adult) may receive in each rare accident should be controlled below 5 mSv, and the
thyroid equivalent dose should be controlled below 50 mSv; In each extreme accident,
the effective dose that the public (adult) may receive should be controlled below 10mSv,
and the thyroid equivalent dose should be controlled below 100 mSv.

Using the sitemeteorological data of anACP100 nuclear power plant, the radioactive
consequences outside the factory were calculated for the source term of preaccident
iodine spike case and concurrent iodine spike case are shown in Table 3, meet the
acceptance criteria.
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Table 2. Activities released to the environment after SGTR accident

Nuclides Activities released to the environment after SGTR (Bq)

Preaccident iodine spike case Concurrent iodine spike case

Kr-85m 1.59E + 11 1.59E + 11

Kr-85 2.40E + 09 2.40E + 09

Kr-87 1.95E + 11 1.95E + 11

Kr-88 3.52E + 11 3.52E + 11

Xe-133m 6.18E + 10 6.16E + 10

Xe-133 1.55E + 12 1.54E + 12

Xe-135 7.88E + 11 7.73E + 11

Xe-138 1.87E + 11 1.87E + 11

I-131 1.23E + 12 1.32E + 11

I-132 1.05E + 12 1.27E + 11

I-133 1.83E + 12 2.38E + 11

I-134 2.66E + 11 9.51E + 10

I-135 9.62E + 11 1.67E + 11

Table 3. Consequence of SGTR accident

Consequence Effective dose (mSv) Thyroid equivalent dose (mSv)

Preaccident iodine spike case 5.99 80.3

Concurrent iodine spike case 0.7 9.14

4 Conclusions

In this paper, on the basis of fully learning from the existing nuclear power projects,
combined with the actual design characteristics of ACP100, a set of source term anal-
ysis methods for SGTR preaccident iodine spike case and concurrent iodine spike case
suitable for ACP100 are proposed, and this method is used to analyze the SGTR accident
source term of an ACP100 nuclear power plant has been identified, and its radiological
consequences also meet the radiological consequences acceptance criteria in “Principles
for Safety Review of Small Modular Pressurized Water Reactor Nuclear Power Plant
Demonstration Projects (trial version) in Chinese”.
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Abstract. On the basis of fully learning from the existing principles of leak mon-
itoring alarm thresholds setting of the steam generator tube in pressurized water
reactor nuclear power plants, the principle of setting for N-16 leak monitoring
alarm thresholds of steam generator tube in small modular reactors is proposed,
and the N-16 monitoring alarm thresholds are given. The calculation method for
total gamma count rate of steam generator tube leak monitoring alarm thresholds
of the small modular reactor is established, and the total gamma count rate under
the condition of the leak corresponding to the N-16 monitoring alarm thresholds
is calculated to guide the leak monitoring total gamma alarm thresholds set.

Keywords: Small modular reactor · Steam generator tube leak monitoring ·
Alarm thresholds

1 Introduction

The steam generator tube is the weakest part of the pressure boundary of the primary
circuit [1]. If the tube is ruptured, the radioactive nuclides will leak from the primary
circuit to the secondary circuit and cause pollution of the secondary circuit, and the
leak of the secondary circuit itself will lead to the release of radioactivity into the
environment, which will seriously affect the safe operation of the pressurized water
reactor nuclear power plant and pollute the environment, causing harm to equipment and
personal safety. In the design of the leak monitoring system for the steam generator tube
of the nuclear power plant in my country, two strategies are usually used to monitor the
total gamma count rate and N-16 activity in the secondary circuit [2]. The two strategies
are redundant with each other and are suitable for different working conditions: the N-16
activity monitor is the main measurement and supplemented by the total gamma count
rate when the reactor power is higher than 20%; the N-16 activity monitor is no longer
representative when the nuclear power level is lower than 20% [3]. And the rationality
of the monitoring alarm threshold directly affects whether the monitoring system can
run stably and effectively, so choosing a reasonable alarm threshold is the key to the
design [4].
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At present, VVER, M310 and ACP1000 units are typically set for leak monitoring
alarm thresholds of steam generator tube in domestic nuclear power plants. Small modu-
lar reactors are different from the steam generator types of VVER, M310 and ACP1000
units, and the reactor power is also quite different, so the alarm threshold settings for
steam generator tube leak monitoring of VVER, M310 and ACP1000 units cannot be
directly used. Therefore, in this study, on the basis the principle of setting the leak mon-
itoring alarm threshold for the steam generator tube of the VVER, M310 and ACP1000
units, and according to the design characteristics of the small modular reactor, the leak
monitoring alarm threshold of the small modular reactor steam generator tube is carried
out.

2 Setting of the Steam Generator Tube Leak Monitoring Alarm
Thresholds in Domestic Nuclear Power Plants

2.1 VVER Unit

VVER determines that 1 kg/h is the normal design basis leak rate according to a large
number of operating data of the units, and the N-16 first-level alarm threshold of steam
generator tube leak monitoring is 2 kg/h, which is twice the normal design basis leak
rate. The second-level alarm threshold of 5 kg/h is the safe operation limit of the primary
side to the secondary side leak rate. The Russian side did not give the specific calculation
process in the setting value report.

The total gamma first and second level alarm thresholds of the steam generator tube
leakmonitoring of VVER units are 1× 10−6 Gy/h and 2× 10-6 Gy/h respectively. There
is no specific calculation method in the alarm threshold list provided by the Russian side.
The speculation should be mainly based on the following aspects: the primary coolant
source term, the secondary coolant radioactivity limit and the damage of the tube.

2.2 M310 Unit

For M310, the N-16 first-level alarm threshold of steam generator tube leak monitoring
is 5 L/h, and the second-level alarm threshold is 70 L/h. The method does not give the
basis for selecting the alarm threshold. It is speculated that the first-level alarm threshold
is about 3 times the design basis leak rate under normal operating conditions, and the
second-level alarm threshold of 70 L/h is derived from the operating regulations. The
M310 steam generator tube leak monitoring total gamma first and second level alarm
thresholds are 200 cps and 300 cps respectively. The French side does not give a specific
calculation method, and it is speculated that the design idea is similar to that of the
VVER.

3 Leak Monitoring Alarm Thresholds for Steam Generator Tube
of Small Modular Reactor

3.1 Small Modular Reactor Design Features

The small modular reactor adopts once-through steam generator, a total of 16 units
[5], of which 4 units are in a group, and each group is connected together and shares
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a main steam pipeline. In the small modular reactor, one N-16 monitor and one total
gamma monitor are respectively set on each main steam pipeline, and the two devices
are mutually redundant. Under the normal operating conditions of the small modular
reactor, the total leak rate of the primary coolant to the secondary coolant is 3.6 kg/h, so
the total leak rate of the steam generator corresponding to one main steam pipeline is
1.8 kg /h under normal operating conditions.

3.2 Leak Monitoring N-16 Alarm Thresholds for Steam Generators Heat
Transfer Tubes

Due to the N-16 alarm threshold for the leak monitoring design for the steam generator
tube of the VVER and M310 units, a consensus has been reached between the review,
design department and the owner. In the absence of extensive operational data to support,
the practice of linking normal leak rates to operational thresholds is easier to interpret
and sufficiently conservative. Therefore, this study attempts to determine the N-16 first
and second level alarm thresholds from the following two aspects:

(1) Determine the alarm threshold based on the review of similar nuclear power
plants, the consensus reached between the design department and the owner on
the monitoring alarm threshold.

(2) The threshold setting is linked to the normal leak rate. Therefore, the first-level alarm
threshold of the steam generator leak monitoring of the small modular reactor is to
be considered to be twice the normal design basis leak rate, which is 3.6 kg/h; the
second-level alarm threshold is 9 kg/h that set to be 5 times the normal design basis
leak rate.

3.3 Total Gamma Alarm Threshold Setting for Leak Monitoring of Steam
Generator Tube

Referring to the VVER and M310 units, the setting of total gamma alarm threshold
setting for leak monitoring of steam generator tube should be determined by the primary
coolant source term, the secondary coolant radioactivity limit and the size of the damage
to the tube. Since there is currently no relevant specification for the secondary coolant
radioactivity limit, this study only considers two factors, the primary coolant source
term and the size of the damage to the tube. Since the N-16 monitor and the total gamma
monitor are redundant with each other, the first and second level alarm thresholds of
the two should correspond to each other, indicating the same leak level of the steam
generator tube under different working conditions. Therefore, according to the N-16
alarm threshold value of steam generator tube leak monitoring, the total gamma of leak
monitoring under 20% power level can be calculated through theoretical analysis, so as
to guide the setting of the total gamma alarm threshold value of steam generator tube
leak monitoring.
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(1) Total gamma count rate calculation

The calculation formula of the count rate is as follows:

C =
∑

i

ki × ηi × Avi (1)

Avi = Api × q× ρv × e−λi t

Q × ρp
(2)

where C is the total gamma count rate, cps;
ki is the detection efficiency of the nuclide i in the Monte Carlo model, cps/(Bq/m3);
ηi is the carrying coefficient of the nuclide i;
Avi is the radioactive concentration of the nuclide i in the steam at the probe, (Bq/m3);
Api is the radioactive concentration of the nuclide i in the primary coolant, Bq/kg;
q is the leak rate, L/h;
ρv is the steam density of the main steam pipeline at 20% power level, kg/m3;
λi is the decay constant of the nuclide i, 1/s;
t is the transit times between leak location and probe at the 20% power level, s;
Q is the steam flow rate at the 20% power level, L/h;
ρp is the average density of the primary coolant, kg/m3.

(2) Calculation of detection efficiency factor

The efficiency factor of the detector is related to the structure of the detector, the
structure of the pipeline, and the relative position of the detector and the pipeline. Small
modular reactor steam generator monitoring uses NaI detector. The steam pipe is filled
with secondary side steam, the steam density is 19.07 kg/m3, and the steam pipe is
wrapped with a layer of thermal insulation material. The MCNP calculation result is a
normalized result, and the result needs to be processed:

ki = F8i × Vsource × Ii (3)

where, F8i is the output result of pulses number of the MCNP that emits gamma-rays
by the nuclide i, cps/γ;

Vsource is the volume of the steam pipe, m3;
Ii is the probability that the nuclide i emits gamma-rays.

(3) Analysis of the effect of N-16 on the total gamma count rate

For M310 and VVER units, the transit time from the leak location and probe at low
power is longer than that at full power, the N-16 decay share is large, and the contribution
to the total gamma count rate is small. However, the transit time from the leak location
to the outlet of the once-through steam generator tube at low power is still shorter than
the half-life of N-16, and the transit time is shown in Table 1. The total gamma count
rate still has a large contribution.
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Table 1. N-16 transit times between leak location and outlet

Transit times between leak location and outlet (s) Half-life of N-16(s)

20% Nuclear power level 100% Nuclear power level

2.14 0.53 7.13

(4) Retention of radionuclides on the secondary side of steam generator

For radioactive gas nuclides, such as N-16 and nobla-gas, due to their insolubility
in water, 100% of the gas nuclides leaking from the primary coolant to the secondary
coolant are instantly released into the vapor phase of the secondary side. For iodine and
particle-type fission product nuclides, after leaking to the secondary side of the steam
generator, they will be retained by the water on the secondary side. The water on the
secondary side of the steam generator evaporates in the form of water vapor and droplets.
Iodine and particulate fission product nuclides are entrained into the vapor phase. For
iodine, due to the once-through steam generator used in small modular reactor, the once-
through steam generator has to go through the process from supercooled water to hot
steam in the secondary side working medium. According to the characteristics of the
boiling phase change of the working medium on the secondary side, the secondary side
is divided into a preheating section, an evaporation section and a superheating section. In
the superheating section of the once-through steam generator, the iodine in the water will
flash quickly into the gas phase, so it is conservatively assumed that the iodine carrying
coefficient on the secondary side of the steam generator is 1. The droplet entrainment
fraction for particulate nuclides is equal to the water content level in the steam, i.e.
0.25%.

(5) The total gamma count rate corresponding to the leak rate of the steam generator
tube

In summary, according to formula (1), under low power, when the leak rate is 3.6
kg/h, the total gamma count rate is about 35.8 cps; the leak rate is 9 kg/h, and the total
gamma count rate is 89.6 cps.

(6) Environmental background

The energy response range of the total gamma monitoring channel for leak of the
steam generator tube is wide, and it is easily disturbed by the environmental background.
The selection of the threshold value needs to consider this aspect. In this study, the
environmental background count rate was considered to be 5 cps

(7) The total gamma alarm threshold for leak monitoring of the steam generator tube.

Considering the environmental background, and considering the design margin of
−20% from an engineering point of view, it is recommended that the total gamma count
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rate is 50 cps as the first-level alarm threshold and 110 cps as the second-level alarm
threshold.

4 Conclusions

In this study, referring to the setting of the leak monitoring alarm threshold of the VVER
and M310 steam generator tube, and combined with the design value of the leak rate of
the small modular reactor steam generator tube, the leakmonitoring of the small modular
reactor steam generator tube is proposed. Based on the principle of threshold setting,
the N-16 alarm threshold for leak monitoring of the steam generator tube is given. The
first-level alarm threshold is 3.6 kg/h, and the second-level alarm threshold is 9 kg/h.
The calculation method of the total gamma count rate in the case of the small modular
reactor for steam generator tube leak monitoring is established. According to the leak
rate level of the leak monitoring N-16 alarm threshold, the total gamma alarm threshold
of leak monitoring is set through theoretical analysis and calculation. The first-level
alarm threshold is 50 cps, and the second-level alarm threshold is 110 cps.
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Abstract. At present, there are much radioactive waste oil temporarily stored in
nuclear fuel processing plants, nuclear industry research institutes and operating
nuclear power plants in China, which brings great storage pressure and safety
risks to the operating nuclear facilities. In this paper, the components analysis of
40# waste oil used in nuclear facilities was carried out, and the elemental com-
position and chemical composition of the waste oil were obtained. The analysis
showed that the main elements in the waste oil were C and H, and the main
chemical components were alkanes, alkenes, aromatic hydrocarbons and alcohols
with carbon chain length of 10–40. Using Aspen Plus software, the process flow
model of waste oil’s steam reforming treatment was established. Based on the
components analysis results of the waste oil, organic mixtures such as ethanol,
ethane and propane were selected as the model components, and the element
composition close to waste oil was obtained by adjusting the proportion of each
component. The mixture was used as the source input of Aspen Plus to achieve
good simulation results. The experimental results obtained under Pt catalyst at
400 °C were in good agreement with the simulation results, which confirmed the
validity of the model. The thermodynamic equilibrium analysis of waste oil steam
reforming reaction was carried out by using the verified model. The influence of
reaction temperature (350–1150 °C), pressure (0.01–100bar) and water to carbon
ratio (0.01–100) on reforming reaction and off gas components in balanced state
was studied. The conclusions are as follows: (1) The steam reforming reaction of
waste oil has no obvious inhibition when the reaction pressure is less than 1bar,
so the reforming reaction should be carried out under the condition of negative
pressure less than 1bar; (2) The temperature should be maintained above 750 °C
to ensure the complete steam reforming reaction; (3) Carbon deposition can be
completely eliminated when the water/carbon ratio is higher than 1, and when the
water/carbon ratio is higher than 10, the product components do not change with
the water/carbon ratio.

Keyword: WASTE OIL STEAM REFORMING ASPEN
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1 Introduction

In the process of operation, maintenance and decommissioning of nuclear facilities,
radioactive nuclides such as 137Cs, 90Sr and 60Co will be mixed into industrial oil to
form radioactive waste oil [1]. The steam reforming treatment process developed by
Studsvik is suitable for a variety of radioactive organic wastes, including waste oil, and
has many advantages including high volume reduction ratio, stable solid products, and
less environmental pollution [2]. Previously, Lin Li et al. from Nuclear Power Institute
of China carried out a simulation on the steam reforming of waste resin and analyzed
the balance products. They obtained the reaction parameters and operating gas veloc-
ity suitable for the treatment of radioactive waste resin [3–5]. However, there are few
researches on steam reforming treatment of radioactive waste oil.

In the steam reforming process of waste oil, more hydrogen production is preferred,
which is conducive to the subsequent off gas oxidation. Pressure, temperature and water-
carbon ratio are the key parameters affecting the balanced off gas composition. A lot
of experiments are needed to determine the appropriate reaction pressure, temperature
and water-to-carbon ratio. But we can save a lot of effort by simulating the reaction
process on the computer. Some researchers have carried out thermodynamic analysis on
steam reforming of methanol [6, 7], ethanol [8–10], glycerol [11, 12] and other organic
compounds, and obtained reforming reaction temperature, pressure and other operating
parameters.

In this paper, Aspen Plus, a chemical process simulation software, was used to build
a process model for oil steam reforming. In order to select the most suitable operating
parameters for the oil steam reforming test, and to provide reference for the future
engineering application of steam reforming process in the treatment of other radioactive
wastes, the thermodynamic analysis of the oil steam reforming reaction was carried out
and the effects of reaction temperature, pressure and water-carbon ratio on reforming
reaction and off gas components was studied.

2 Oil Characterization

The feed composition is needed for thermodynamic analysis using Aspen Plus. 40#
lubricating oil is widely used in various domestic nuclear facilities, thus we carried
out the analysis of 40# oil from the aspects of elemental composition and chemical
composition to provide input for Aspen Plus.

2.1 Elemental Composition

X-ray Fluorescence Spectrometer, Inductively Coupled Plasma Emission Spectrometer
and electronic balance were used elemental composition analysis of 40# oil, and the
mass fractions of carbon, hydrogen, oxygen, nitrogen, phosphorus and sulfur in the oil
were measured. The results were shown in Table 1.

According to the analysis results, the elemental composition of the oil is approxi-
mately C35H66.8, omitting the very low content of N, O, P and S.
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Table 1. Elemental composition of 40# oil.

Elements Content/wt% Measurement Method

C 85.06 NB/SH/T 0656–2017

H 13.53 NB/SH/T 0656–2017

N 0.033 SH/T 0657–2007

O 1.179 Substraction

P 0.021 GB/T 17476–1998

S 0.198 GB/T 11140–2008

2.2 Chemical Composition

In this study,Agilent 7890–5977GC/MSDwasused to analyze the chemical composition
of the oil. The chromatographic peak signal was compared with the NIST17 spectral
database by computer to obtain the chemical composition. The results indicate that the
oil is a mixture of various organic compounds, and its main chemical components are
alkanes, alkenes, aromatic hydrocarbons and alcohols containing 10–40 carbon atoms.
The main elements in waste oil are C and H, indicating that alkanes, alkenes, aromatic
hydrocarbons and other hydrocarbons account for a relatively high proportion.

According to the above analysis results, the mixture of ethanol, ethane, propane,
ethylene, benzene and toluene was selected as the feedstock, and the ratio (mole ratio)
of each component of the mixture was 1:20:25:10:10:10. The mixture has an elemental
and chemical composition similar to waste oil, and is suitable for the analysis of waste
oil steam reforming reaction.

3 Simulation Modeling

The Aspen Plus model for waste oil steam reforming, as shown in Fig. 1, consists of
three main operating units, PYRCT, CARBFLIT, ONSHT and RFRCT, along with some
mixers and separators.

Fig. 1. Simulation scheme of oil steam reforming.

ONSHT is used to simulate steam generator and superheater. It preheats water vapor
to reaction temperature and feeds the vapor into the reforming reactor RFRCT. RFRCT



1130 X. Wu et al.

adopts the RGibbs reactor as the reactor model, which can calculate the product com-
position when the system reaches chemical equilibrium and phase equilibrium. PYRCT
reactor is used to simulate the pyrolysis process of waste oil. The waste oil reaches
pyrolysis equilibrium in the reactor to generate small-molecular-weight organic matter,
hydrogen and carbon.

4 Results and Discussion

4.1 Effect of Reaction Pressure

Figure 2 presents the variations of product concentrations versus reaction pressure. The
reaction was carried out in 750 °C and steam/carbon ratio of 1.

Fig. 2. Effect of pressure at T = 750 °C, S/C = 1.

At T= 750 °C and S/C= 1, methane steam reforming reaction andwater gas conver-
sion reaction are the main factors that affect the product composition. The concentration
of H2 decreases with the increase of pressure. The composition of the product remains
constant when the pressure is lower than 1 bar. However, methane steam reforming reac-
tion is a reaction in which the number of gas molecules increases, and according to Le
Chatelier’s principle, when a system at equilibrium is subjected to a change in temper-
ature, volume, concentration, or pressure, the system readjusts to partially counter the
effect of the change, resulting in a new equilibrium. Therefore, as the pressure increases,
methane steam reforming balance moves in the opposite direction, consuming CO and
H2 to form CH4. When the pressure is higher than 1bar, the composition of the product
is significantly affected by the pressure change. The concentration of CH4 in the product
increases with the increase of water pressure, while the concentration of H2 and CO
decreased respectively.

4.2 Effect of Reaction Temperature

The influence of temperature can be seen from Fig. 3. Simulation is carried out at
pressure of 1 bar and steam/carbon ratio of 1. Under these conditions, the mole fraction
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of hydrogen has significantly increased with increasing temperature up to 750 °C. The
increasing temperature shifts the reaction equilibrium toward the products side and thus
producing more hydrogen.

The concentration of CO2 in reforming products tends to increase first and then
decrease with the increase of temperature. When the temperature rises to 550 °C, the
concentration of CO2 reaches the peak. This is because the production of CO2 is mainly
affected by the water-gas shift reaction, which is endothermic. Therefore, the rise of
temperature has an inhibitory effect on the production of CO2. At low temperature,
the reaction is weakly inhibited, and the mole fraction of CO also increases because
the rise of temperature promotes the methane steam reforming reaction, which then
shifts the equilibrium of the water-gas shift reaction to the direction of CO2 production.
While above 550 °C, the inhibition of high temperature on the water-gas conversion
reaction is more obvious, so the content of CO2 gradually decreases with the increase
of temperature.

Fig. 3. Effect of temperature at P = 1 bar, S/C = 1.

4.3 Effect of Steam/carbon Ratio

The influence of steam/carbon ratio can be seen from Fig. 4. The operation temperature
and pressure are fixed as 750 °C, and 1 bar, respectively. The effect of steam/carbon ratio
was investigated in the range of 0.01–100.

There is a large amount of carbon and nomethane in the product at low steam/carbon
ratio,which is the result ofmethanedecomposition reactions. Thewater-gas shift reaction
mainly occurs when the water-carbon ratio is between 0.01 and 1. Therefore, with the
increase of the water-carbon ratio, the carbon decreases continuously until the ratio
reaches 1, during which the H2 content also keeps rising. When the water-carbon ratio is
higher than 0.1, the water-gas conversion reaction is encouraged, and the carbon dioxide
content keeps rising, while the CO content reaches the peak when the water-carbon
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ratio is 1. Subsequently, as carbon is completely consumed, the increasing water vapor
content will consume CO and generate CO2, and concentration remains constant when
the water-carbon ratio is above 10.

Fig. 4. Effect of steam/carbon ratio at P = 1 bar, T = 750 °C.

5 Conclusions

In this paper, the waste oil was analyzed from the aspects of elemental composition and
chemical composition. The analysis shows that the main elements of radioactive waste
oil is C and H, and the contents of O, N, S and P are very low. Then Aspen Plus software
was used to simulate the waste oil steam reforming reaction, and the thermodynamic
equilibrium analysis of the reaction was carried out. The changes of product distribution
in the reforming reaction were investigated when the reaction pressure was in the range
of 0.01–100 bar, the temperature in 350–1150 °C, and thewater carbon ratio in 0.01–100.
The following conclusions are drawn:

(1) When the reaction pressure is less than 1bar, there is no obvious inhibition on the
steam reforming reaction of waste oil, so the reforming reaction should be carried
out under a negative pressure less than 1bar;

(2) The temperature should be maintained above 750 °C to ensure the complete steam
reforming reaction;

(3) Carbon can be completely eliminated when the water/carbon ratio is higher than 1,
and when the water/carbon ratio is higher than 10, the product components do not
change with the water/carbon ratio.
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Abstract. Nuclear safety has always been the lifeline of the development of the
nuclear industry, and the supervision andmanagement of special nuclear materials
is a very important part of nuclear safety. By measuring fission neutron generated
by the special nuclear materials, the type and position of special nuclear materials
can be determined. In this paper, a neutron scattering camera (NSC) based on
plastic scintillator and MPPC was designed to detect the fission neutron in the
n-γ mixed field, and then to realize the localization and discrimination of fission
materials. The designed NSC contains two layers of detector arrays. The first
and second layers are consisted of five and nine detection units, respectively.
In order to discriminate neutrons and gamma-rays, EJ-276 plastic scintillator is
chosen as the detection medium because of its PSD performance. At the same
time, MPPC was used to collect the fluorescence generated in the scintillator. For
optimizing theNSC, theGeant4MonteCarlo simulation toolkit is used to study the
whole detection process of the NSC. In the simulation, the factors affecting image
reconstruction in neutron source image reconstruction have studied by simulation.
The influences of the thickness and radius of the detection units in two layers, the
distance between two layers on the image reconstruction were studied in detail.
According to the simulation results, the thickness of front detector unit, radius
of detector unit, thickness of back detector unit and distance between two layers
were determined to be 3 cm, 5 cm, 8 cm and 50 cm, respectively.

Keywords: Neutron Scattering Camera · Plastic Scintillator · Image
Reconstruction · MPPC · TOF

1 Introduction

Special nuclear measurement is a very important part of nuclear material supervision
and management. In order to safely use and transport these special nuclear materials,
it is usually necessary to add corresponding shielding structures on the outside. The
energies of characteristic gamma-rays emitted from the radionuclides in special nuclear
materials are rather low. For example, the energy of characteristic gamma-rays of 235U
is 185.7 keV, which has limited penetration in high Z materials. So, it is difficult to
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measure special nuclear materials by detecting gamma-rays directly. Since uranium and
transuranic elements can release fission neutrons through spontaneous fission or induced
fission, it is possible to measure special nuclear materials in the shielding structure by
detecting fission neutrons [1].

Neutron scattering camera (NSC) can detect the fission neutron, combined with the
image reconstruction algorithm, the localization and discrimination of special nuclear
materials can be realized [2–5]. It can provide an important means for the supervision
of special nuclear materials and plays a very important role in nuclear security, non-
proliferation, customs inspection and counter-terrorism. At present, it is mainly used
liquid scintillator coupled photomultiplier tube (PMT) as detection unit to detect neutrons
in NSC. Liquid scintillator has certain toxicity and is not easy to package. Besides, the
use of PMTalsomakes theNSChas larger volume,which is not conducive to the portable
improvement of NSC system.

EJ-276 plastic scintillator not only has the same n-γ discrimination ability as liquid
scintillator, but also has the advantages of non-toxic and not easy to leak. Compared to
the liquid scintillator, EJ-276 hasmany advantages, such asmore convenient to use, safer
operation and more stable physical properties. At the same times, multi-pixel Photon
Counter (MPPC) has strong anti-magnetic field interference ability and smaller volume.
In this paper, the NSC based on EJ-276 plastic scintillator and MPPC is studied, and the
Geant4 [6] Monte Carlo method is used to optimize the NSC.

2 Principle and Performance Index of Neutron Scattering Camera

2.1 Principle of Neutron Scattering Camera

The schematic diagram of NSC was shown in Fig. 1. NSC is consisted of two layers of
organic scintillator detector arrays. The incident neutron was firstly interacted with the
hydrogen nucleus through the elastic scattering in the front detector array layer, and the
recoil proton and the scattered neutron were generated. The scattered neutron entered
the back detector array layer and may occur another elastic scattering. If there is only
one scattering event occurs in the front and the scattered neutron is detected by the back
detector layer, then this is an effective detection event for the neutron scattering camera.

Since the recoil proton has a large mass, its energy can be completely deposited
in the front detector, so the recoil proton energy Ep can be measured by the response
of the front detector layer. The scattered neutron energy E’n can be calculated by the
time of flight method. Then, the incident neutron energy can be acquired by adding Ep
and E’n. According to the conservation of kinetic energy and momentum in the elastic
scattering process, the neutron scattering angle θ and the incident neutron energy En can
be calculated as follows:

tan2 θ = Ep

E′
n

(1)

En = Ep + E′
n (2)
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Fig. 1. The schematic diagram of NSC

According to the interaction position of elastic scattering of neutrons in the two
detector array layers and neutron scattering angle θ, a cone can be reconstructed, and
any position on the conical surface may be the position of the neutron source. But, one
cone surface cannot accurately determine the position of the neutron source, the position
of the neutron source can be determined by intersection area of multiple cone surfaces.

Simplified Back projection is a common image reconstruction algorithm for neutron
scattering camera. The plane where the neutron source is located is called imaging plane
Xb. The projection of the reconstructed cone from each neutron scattering event on Xb is
an ellipse. Xb is divided into M × N pixel grids of the same size. When any one, two or
three of the four vertices of the grid are fallen into the ellipse, it can be determined that
the grid is passed through by the ellipse. The entire imaging plane is traversed to judge
the grid passed through by the ellipse, and the pixel value of the grid passed through by
the ellipse is added by one until the determination of all conforming events. The region
with the largest pixel value is the location of the neutron source.

2.2 Performance Index of Neutron Scattering Camera

The performance indexes of NSC include position resolution of neutron source, primary
scattering ratio, coincidence ratio of primary scattering and detection efficiency. The
details of them are as follows.

(1) The grid with the largest pixel value in the reconstructed image is the reconstructed
position of the point source. By intercepting the pixel value distribution of the point
source position along the Y or Z direction, the one dimensional distribution of
the neutron source direction can be obtained. Using Gaussian fitting to fit the one
dimensional distribution, and the full width at half maximum (FWHM) of the fitting
curve is the position resolution of the neutron source.

(2) The primary scattering ratio refers to the ratio of the number of neutrons that have
only one elastic scattering in the front detector to the number of neutrons that have
elastic scattering in the front detector, and is related to the size of the front detector.
The coincidence ratio of primary scattering refers to the ratio of number of effective
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detection events to the number of coincidence neutrons detected by the front and
back detector layers. It is a performance indicator of the NSC system and is related
to the geometric parameters of the NSC.

(3) The detection efficiency is defined as the ratio of detected neutrons to the number
of neutrons emitted from neutron source. In Geant4 simulation, in order to improve
the simulation efficiency, the cone angle of neutron emission is set as 2θ, and the
absolute detection efficiency is given as following

ε = Nc

N2θ × 4π
�

(3)

whereEC is the number of effective detection events,E2θ is the total number of neutrons
emitted from neutron source when the emission cone angle is 2θ, � represents the solid
angle of cone angle and is calculated as following:

� = 2π(1 − cos θ) (3)

3 Simulation

The structural schematic diagram of designed NSC was shown in Fig. 2. There are five
and nine detector units in front and back detector layer, respectively. In the front detector
array, the distance between adjacent detector units is 20 cm, and the fifth detector unit is
located in the center position. In the back detector array, the distance between adjacent
detector units is also 20 cm.

Fig. 2. The structural schematic diagram of NSC

The uranium and plutonium are special nuclear materials, and both of them can
generate fission reaction with the neutrons. 252Cf neutron source is spontaneous fission
neutron source, and its fission neutrons energy range is similar to that of uranium and
plutonium. So, the neutron sources used in Geant4 simulation is chosen to 252Cf neutron
sources. In Geant4 simulation, the 252Cf point source was set at the center of the imaging
plane which is 2m away from the front detector array, and the cone angle of emission
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neutrons was 90°. The neutron emission spectrum of the 252Cf neutron source was
defined according to the probability density function of the emission neutron energy, as
shown in Fig. 3.

Fig. 3. The spectrum of the 252Cf neutron source [6]

Using Geant4 simulation toolkit, the influences of the thickness and radius of the
front and back detector unit and the distance between front and back detector on the image
reconstruction were studied. Based on simulation results, the structural parameters of
the neutron scattering camera were optimized.

3.1 The Thickness of the Front Detector Unit

The thickness of the front detector will not only introduce the scattering point position
error to affect the resolution of neutron source of the reconstructed image, but also affect
the primary scattering ratio, coincidence ratio of primary scattering and the absolute
detection efficiency. The thickness range of the front detector unit was set from 1 to
8 cm with an interval of 1 cm in the simulation. At the same time, the thickness of the
back detector unit was set to 8 cm, the radius of the detector units was set to 5 cm, and
the distance between two layers was set to 50 cm.

The influences of thickness of front detector unit on primary scattering ratio and
coincidence ratio of primary scattering were shown in Fig. 4. As the thickness of the
front detector unit increases, both the primary scattering ratio and coincidence ratio of
primary scattering were decreased. This may be caused by the increasing of probability
of multiple scattering of neutrons in the front detector layer when the thickness of the
front detector unit increases. When the thickness increases from 1 to 8 cm, the primary
scattering ratio decreases from 96.5% to 85.6%, and the coincidence ratio of primary
scattering decreases from 98.3% to 92.9%, indicating that the thickness of front detector
unit has a great influence on the primary scattering ratio and the coincidence ratio of
primary scattering.
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Fig. 4. The thickness of front detector unit Vs. Primary scattering ratio and coincidence ratio of
primary scattering

The influences of thickness of front detector on absolute detection efficiency were
shown in Fig. 5. The absolute detection efficiency increases with the increase of the
thickness. When the thickness of front detector is about 7cm, the absolute detection
efficiency basically reaches saturation at about 2.6 × 10–6.

Fig. 5. The thickness of front detector unit Vs. Absolute detection efficiency

The influences of thickness of front detector unit on position resolution of neutron
source were also studied and shown in Fig. 6. The position resolution was slightly
deteriorated with the increase of thickness. When the thickness increases from 1 to
8 cm, the position resolutions were remained between 500 and 600 mm. Although with
the increase of the thickness of front detector unit, the error of scattering point position
is introduced to impact the position resolution, but this effect is very limited because
the thickness of the front detector unit is quite small when compared to 50 cm distance
between two layers.

Considering the simulation results comprehensively, the thickness of the front detec-
tor unit is selected as 3 cm. At this circumstance, the primary scattering ratio is bigger
than 90%, and the absolute detection efficiency is about 2.2 × 10–6.
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Fig. 6. Front detector thickness unit Vs. Position resolution

3.2 The Radius of the Detector Unit

The radius of detector unit was set from 2 to 8 cm, with interval of 1 cm. At same time,
the thickness of the front and back detector units were set to 3 cm and 8 cm, respectively.
The distance between the two layers was 50 cm. The relationships of radius of detector
unit and primary scattering ratio and coincidence ratio of primary scattering were shown
in Fig. 7. With the increase of the radius of detector unit, the primary scattering ratio
was continuously decreased. This is because the increasing of the radius increases the
probability of multiple scattering of neutrons in the front detector array. The coincidence
ratio of primary scattering increases with the increasing of the radius and tends to be
saturation at about 5 cm.When the radius increases from 2 to 8 cm, the primary scattering
ratio only decreases from93.5% to 91%,while the coincidence ratio of primary scattering
increases from 73.7% to 95.5%, indicating that increasing of the radius has a small effect
on the primary scattering ratio, but has a significant effect on the coincidence ratio of
primary scattering.

Fig. 7. The radius of detector unit Vs. Primary scattering ratio and coincidence ratio of primary
scattering

The absolute detection efficiency under different radius was shown in Fig. 8. It can be
seen that the absolute detection efficiency increases with the increasing of radius. When
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the detector radius increases from 2 cm to 8 cm, the absolute detection efficiency was
increased from 1.78 × 10–8 to 1.07 × 10–5, which were increased about 600 times. This
indicates that the radius has a significant influence on the absolute detection efficiency.

Fig. 8. The radius of detector unit Vs. Absolute detection efficiency

The influence of radius on position resolution of neutron source was shown in Fig. 9.
With the increasing of the radius, the position resolutions of neutron source were got
worse and worse. When the radius increases from 3 cm to 8 cm, the position resolution
of neutron source was increased from 305 mm to 766 mm, indicating that the radius has
a significant effect on the position resolution.

Fig. 9. The radius of detector unit Vs. Position resolution

Considering the simulation results comprehensively, when the radius of the detector
unit was 5 cm, the better absolute detection efficiency and coincidence ratio of primary
scattering can be obtained.Besides, theNSCalso has better position resolution of neutron
source. So, the radius of the detector unit was determined to be 5 cm.
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3.3 The Thickness of the Back Detector Unit

In the simulation, the thickness of the back detector unit was from 5 to 20 cm with the
interval of 1 cm, while the thickness of front detector unit was set as 3 cm, the radius of
the detector units in two layers was set as 5 cm, and the distance between two layers was
set as 50 cm. Figure 10 shows the influences of the thickness of the back detector unit on
the coincidence ratio of primary scattering. The coincidence ratio of primary scattering
was increased slightly with the increasing of the thickness of back detector unit. When
the thickness was increased from 5 to 20 cm, the coincidence ratio of primary scattering
was located between 95.7% and 96.4%, indicating that the thickness of the back detector
unit has little influence on the coincidence ratio of primary scattering.

Fig. 10. The thickness of back detector unit Vs. Coincidence ratio of primary scattering

The influence of thickness of back detector unit on absolute detection efficiency
was shown in Fig. 11. The absolute detection efficiency was increased linearly with the
increase of the thickness of the back detector unit. When the thickness increases from
5 to 20 cm, the absolute detection efficiency was increased from 1.14 × 10–6 to 3.12 ×
10–6, indicating that the thickness of the back detector unit has a certain influence on
the absolute detection efficiency.

Figure 12 illustrates the influence of thickness on point source position resolution.
With the increase of the thickness of the back detector unit, the position resolutions
of neutron source were maintained between 500 and 600 mm. This indicates that the
increase of the thickness of the back detector unit has little influence on the position
resolutions.

In conclusion, the thickness of the back detector unit mainly affects the detection
efficiency. As the thickness of the back detector unit increased, the detection efficiency
increases linearly. Considering the absolute detection efficiency and economic cost, the
thickness of the detector is determined to be 8 cm.
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Fig. 11. The thickness of back detector unit Vs. Absolute detection efficiency

Fig. 12. The thickness of back detector unit Vs. Position resolution

3.4 The Distance Between the Two Layers

The distance between two detector layers was ranged from 30 to 100 cm with interval
of 10 cm, while the thickness of the front and back detector unit were 3 and 8 cm, and
the radius of the detectors unit was 5 cm. The influence of distances on the coincidence
ratio of primary scattering was simulated and shown in Fig. 13. With the increasing of
distance, the coincidence ratio of primary scattering was always decreased. When the
distance increased from 30 to 100 cm, the coincidence ratio of primary scattering was
decreased from 96.8% to 90.2%, indicating that the distance has a great influence on the
coincidence ratio of primary scattering.
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Fig. 13. The distance between two layers Vs. Coincidence ratio of primary scattering

The relationship between distance and absolute detection efficiency was given in
Fig. 14. The absolute detection efficiency was decreased with the increasing of distance.
With the increasing of distance, the absolute detection efficiency decreases from 5.13 ×
10–6 to 2.74 × 10–7, indicating that the distance has a great influence on the absolute
detection efficiency.

Fig. 14. The distance between two layers Vs. Absolute detection efficiency

The influence of distance between two layers on position resolution of neutron source
was given in Fig. 15.With the increase of distance, the position resolution becomes better
and better. When the plane distance was increased to 100 cm, the position resolution
was changed from 750 to 300 mm, indicating that the plane distance has an obvious
influence on the position resolution.
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Fig. 15. The distance between two layers Vs. Position resolution

Based on the simulations, it can be seen that the distance mainly affects the coinci-
dence ratio of primary scattering, absolute detection efficiency and point source position
resolution. When the distance was 50 cm, the NSC not only has a high coincidence
ratio of primary scattering and absolute detection efficiency, but also has a good position
resolution. So, the distance was determined to be 50 cm.

4 Conclusions

In this paper, the effects of the thickness and radius of detector units and distance between
two layers on image reconstructionwere studied by theGeant4 to optimize the geometric
parameter of the NSC. The simulation results show that the thickness of front detectors
mainly affects the primary scattering ratio and the coincidence ratio of primary scatter-
ing, the radius of detector unit and distance between two layers mainly affect the first
scattering coincidence ratio,

detection efficiency and position resolution of neutron source. Based on the simula-
tion results, the thickness of the front detector, the radius of the detector, the thickness
of the back detector and the distance between two layers were determined to be 3 cm,
5 cm, 8 cm and 50 cm, respectively.
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Abstract. Active magnetic bearings (AMBs) have advantages of no friction, no
lubrication or sealing requirements, long lifespan, low maintenance cost, and,
especially, active controllability of dynamic characteristics. Thus, AMBs are now
widely used in helium-turbine circle of the high temperature gas-cooled reactor
and many other high-speed rotating machinery. The design of controller is the
core problem of AMBs. The AMB force has high nonlinearity and the AMBs-
rotor system may be influenced by external disturbance during operation, which
increase the threshold of the controller robustness and make it hard to design.
Based on the AMB-rigid rotor system model, this paper adopts lumped uncertain-
ties to describe nonlinear error and external load disturbance and then the plant
model of the decentralized controller is obtained. Then, a linear active disturbance
rejection controller (LADRC) is designed to compensate the model error. The
LADRC contains a proportional-differential controller and a three-order external
state observer. The adjustable parameters of the LADRC can be selected according
to pole assignment. In order to verify the effectiveness of the LADRC, levitation
experiments, rotation experiments, and re-levitation experiments are carried out
with traditional PID controller as comparison.

Keywords: active magnetic bearings · active disturbance rejection controller ·
lumped uncertainty

1 Introduction

Active magnetic bearings (AMBs) have the advantages of no friction, no lubrication
or sealing requirements, long lifespan, low maintenance and active vibration control
and have widely application in helium-turbine circle of the high temperature gas-cooled
reactor and many other high-speed rotating machinery [1, 2]. In fact, the dynamic char-
acteristics of AMBs mainly depend on the controller. A suitable controller is the core
problem of AMBs design. As a matter of fact, the AMB-rotor system is open-loop
unstable because of the high nonlinearity of electromagnetic bearing force. Besides, the
AMBs-rotor system is always influenced by external disturbance, which makes it harder
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to design a suitable controller to achieve moderate rotor displacement response during
normal operation.

In order to solve this problem, many researches have been carried out. The
proportional-integral-differential (PID) controller is widely used in industrial applica-
tions because of its simplicity and robustness. Markus Hutterer designed PID controller
through linear quadratic regulator method and validated the controller on a turbomolecu-
lar pump [3]. Tianhao Zhou proposed a robust PD control via eigenstructure assignment
and evaluated the closed-loop sensitivity to change of the bias current [4]. Sun zhe
applied a PID controller on a prototype of a 27000 rpm/150 kw blower and analyzed the
nonlinearity of the system [5]. Chenzi Liu proposed a simple lead-lag controller, which
parameters were determined through backprogation neural network [6].

Moreover, many advanced controllers have also been developed. Alexander pre-
sented a µ-synthesis-based controller to robustly minimize the difference between the
tool reference and the estimated tool position in tooltip tracking spindle [7]. Syed
Muhammad amrr proposed a robust control lawbased on high-order slidingmode control
scheme, and carried out numerical analysis [8]. Xuan Yao proposed a dual-loop neural
network sliding mode control to achieve large-motion rotor tracking, and validated its
effectiveness through simulations [9].

These advanced controllers show better performance comparedwith PID controllers,
but they have more complex structure andmay have difficulties in parameter adjustment.
Besides, they are model-based controller and may have deteriorated performance on an
imprecise model.

Nowadays, linear active disturbance rejection controllers (LADRCs) have been
attractive because it can achieve robust performance on an imprecise model and can
simply realize parameter adjustment [10–14].

In this paper, a plant model of the decentralized controller is established based on the
AMB-rigid rotor system model. This model adopts lumped uncertainty to describe non-
linear error and external load disturbance. Furthermore, a LADRC is designed, which
can attenuating the impact of model nonlinear and external disturbance. The LADRC
contains a proportional-differential controller and a three-order external state observer.
The adjustable parameters of the LADRC can be selected according to pole assignment.
In order to verify the effectiveness of the LADRC, levitation experiments, rotation exper-
iments, and re-levitation experiments are carried out with traditional PID controller as
comparison.

This paper is organized as follows. First, in Sect. 2, the plant model of the decentral-
ized controller is established. Then, the LADRC is designed in Sect. 3. Experiments are
developed in Sect. 4. Finally, Sect. 5 concludes this paper.

2 Description of the AMB-rotor System

2.1 The Rotor Model

The structure of the AMB-rigid rotor system is shown in Fig. 1. xc, yc denote the dis-
placement of the centroid of rotor; α, β are the angular displacement of the rotor around
x and y axes. lbA, lbB, lsA, lsB show the distance between the A/B bearing/sensor and the
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Fig. 1. AMB-rotor system

centroid. In AMB-rigid rotor system, the coupling between the axial DOF and radial
DOF is negligible. Thus, axial DOF is not mentioned in this model and merely radial 4
DOF and axial angle γ are considered. There are three popular coordinates to illustrate

the motion of rotor, which are centroid coordinate yc = [
xc α yc β

]T
, sensor coordinate

ys =
[
ysAx y

s
Ay y

s
Bx y

s
By

]T
and bearing coordinate yb =

[
ybAx y

b
Ay y

b
Bx y

b
By

]T
. yc describes

the displacement of rotor centroid, ys and yb are rotor displacement at sensor/bearing.
The relation between them can be expressed as ys = Tsc

s y
c, ys = Tcb

b yb, in which

Tcb
b =

⎡

⎢
⎢
⎣

1 0 1 0
0 −lbA 0 lbB
0 1 0 1
lbA 0 −lbB 0

⎤

⎥
⎥
⎦,Tsc

s =

⎡

⎢
⎢
⎣

1 0 0 lsA
0 −lsA 1 0
1 0 0 −lsB
0 lsB 1 0

⎤

⎥
⎥
⎦

Define bearing force as fbb = [
fbAx fbAy fbBx fbBy

]T
under bearing coordinate,

and then define external disturbance as fcg =
[
f cgx f

c
gα f cgy f

c
gβ

]T
under rotor centroid

coordinate. The equation of motion of the rotor can be written as:

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

mẍc = fbAx + fbBx + f cgx

Jrα̈ + Jz γ̇ β̇ = −lbAfbAy + lbBfbBy + f cgα

mÿc = fbAy + fbBy + f cgy

Jr β̈ + Jz γ̇ β̇ = lbAfbAx − lbBfbBx + f cgβ

(1)
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Transform Eq. (1) to sensor coordinate, it gives:
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ÿsAx = − Jz�lsA
Jr(lsA + lsB)

(
ẏsAy − ẏsBy

)
+

(
1

m
+ lbAlsA

Jr

)
fbAx

+
(
1

m
− lsAlbB

Jr

)
fbBx + f sgAx

ÿsAy = − Jz�lsA
Jr(lsA + lsB)

(
ẏsBx − ẏsAx

) +
(
1

m
+ lbAlsA

Jr

)
fbAy

+
(
1

m
− lsAlbB

Jr

)
fbBy + f sgAy

ÿsBx = − Jz�lsB
Jr(lsA + lsB)

(
ẏsBy − ẏsAy

)
+

(
1

m
− lbAlsB

Jr

)
fbAx

+
(
1

m
+ lbBlsB

Jr

)
fbBx + f sgBx

ÿsBy = − Jz�lsB
Jr(lsA + lsB)

(
ẏsAx − ẏsBx

) +
(
1

m
− lbAlsB

Jr

)
fbAy

+
(
1

m
+ lbBlsB

Jr

)
fbBy + f sgBy

(2)

For slender rotor, the rotor shape usually satisfies∣∣∣ 1m + lbAlsA
Jr

∣∣∣ �
∣∣∣ 1m − lsAlbB

Jr

∣∣∣,
∣∣∣ 1m + lbBlsB

Jr

∣∣∣ �
∣∣∣ 1m − lsBlbA

Jr

∣∣∣, and Jr � Jz . Then, Eq. (2)

can be simplified as

ÿs = kstrufb+f sg (3)

where kstru = 1
m + lbAlsA

Jr
in AMB A and kstru = 1

m + lbBlsB
Jr

in AMB B.

2.2 The AMB Model

The AMB always works under differential-driven mode, shown in Fig. 2. There are
two electromagnets placed in one direction, since each electromagnet can only achieve
attractive force. The electromagnetic force generated by the single electromagnet can be
expressed as

fp = k
i2a
s2

, k = μ0AN 2

4
cos θ (4)

where ia is the current, s is the gap, μ0 is the magnetic field constant in vacuum, N is
the number of coils turns, A is the cross-section area of the pole and θ is the angle of the
electromagnet. Then, the net AMB force in one direction is the differential force of a
pair of electromagnets. The net force can be linearized around the neighborhood of the
operating point [1, 15], and can be expressed as

fb = kiic + ksy
s (5)

where ic = ia1− ia2, ki and ks are the current-force factor (in N/A) and the displacement-
force factor (in N/m) respectively.
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Fig. 2. Differential-driven mode in AMBs. (a) AMB force of a radial magnet. (b) AMB force of
a pair of magnets.

2.3 The AMB-rotor Model

Substituting Eq. (5) into (3), the decentralized AMBs-rotor model can be written as:

ÿs = kstrukiic + kstruksy
s+f sg (6)

It is noticed that the precise position of the rotor centroid is hard to determine due to
its complex shape and its heterogeneous material, which indicate kstru has uncertainty.
This parameter variation can be described as kstru=(1 + λ)kstru,0. Then, Eq. (6) can be
rewritten as

ÿs = kx0(1 + λ)

(
ic + ks

ki
ys

)
+f sg (7)

where kx0=kikstru,0.

3 LADRC Design

Fig. 3. The structure of LADRC.

The structure of LADRC is shown in Fig. 3. The LADRC contains a proportional-
differential controller and a three-order external state observer. The transfer function
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of the proportional-differential (PD) controller and the linear extended state observer
(LESO) in LADRC can be written as

uPD(s) = −kc
αs + ωc

s + ωc
ys(s)

uESO(s) = ω3
0s

2yr(s) + kx0ic(s)

(s + ω0)3

(8)

where ω0 is the bandwidth of the LESO, kc, ωc, α are parameters of the PD controller.
Thus, the transfer function of LADRC can be obtained as

Gc(s) = ic(s)

ys(s)
= −kc(αs + ωc)(s + ω0)

3 + ω3
0s

2(s + ωc)

kx0s(s + ωc)(s2 + 3ω0s + 3ω2
0)

. (9)

The transfer function of the closed-loop system can be written as

Gcl(s) = ys(s)

f sg (s)
= ki

kis2 − kx0(1 + λ)[kiGc(s) − ks]
. (10)

Therefore, the closed-loop system can achieve robust stability through proper pole
assignment. If designing ω0 = 50, ωc = 500, α = 3.25, kc = 25 with nominal param-
eter kx0 = 20, the root locus of the closed-loop system with parameter variation can
be calculated. Consider that the range of λ is λ ∈ [0.5, 1.5]. The roots of the closed-
loop system (10) is shown in Fig. 4. The designed LADRC shows good robustness. The
mapping from f sg (s) to ys(s) under the LADRC is shown in Fig. 5. This demonstrates
the capability of the LADRC to suppress the disturbance f sg (s) under the plant with

Fig. 4. The root locus diagram of the closed-loop system under LADRC.
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Fig. 5. The mapping from f sg to ys under LADRC.

lumped uncertainty. In fact, f sg (s) mainly contains a static load and unbalanced force.
Unbalanced force causes an auto-balance effect after rigid critical speed; thus, it does
not require compensation within a high-frequency range. The peak is larger when λ is
smaller.

4 Experimental Results

This section contains two type of experiments, levitation experiments, and rotation
experiments. In levitation experiments, the transient responses are analyzed. In rota-
tion experiments, the analysis of rotor displacement responses within working speed
range are given.

4.1 Description of the Experimental Platform

In order to verify the effectiveness of the LADRC, verification experiments are carried
out on the AMBs-supported permanent magnet synchronousmotor platform at Tsinghua
University [16], pictured in Fig. 6. The rotor of the platform is 0.4866 m long with a
total mass of 13.98 kg and is horizontally supported by two radial AMBs and one axial
AMB. The radial clearance of the AMBs is 0.4 mm and the clearance of touchdown
bearings (TDBs) is 0.2 mm. Radial and axial displacements of the rotor were measured
by five inductive sensors. Ten pulse width modulated amplifiers power the magnet coils
to generate the expected bearing force.

For comparison, a traditional PID controller, the most popular controller in industrial
practice, is involved in this section. This PID controller is well-designed and performs
well in various working conditions.

4.2 Levitation Experiments

The transient response at AMBAof levitation experiments are shown in Fig. 7 and Fig. 8
sinceAYchannel has theworst results of the four. Sub-figure (a) gives the rotor trajectory.
In this sub-figure, the transient response is divided into 3 phases. The first phase ends
when the differential signal reaches its maximum. In this phase, the proportional signal
plays the most important role. It starts at its maximum absolute value and its proportion
in the total control signal gradually reduce. This phase is very short and the end position
of the rotor during this phase mostly depends on the PD controller. The PID and LADRC
nearly have similar displacement response in this phase. The second phase endswhen the
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Fig. 6. The experimental platform.

proportional signal line intersects with the compensation signal line (I in PID and ESO in
LADRC) at the first time. During this phase, the compensation signal increase gradually
and cannot be ignored. The displacement response of the rotor results from the combined
influence of three signals and is more complex. Under PID, this phase is about 0.042 s
and the rotor trajectory in Fig. 7(a) displays fluctuation. Under LADRC, this phase is
0.012 s and there is less fluctuation in rotor trajectory because ESO signal has faster
response. The third phase ends when the displacement response remains within 5% of
the radial clearance of the TDBs (0.2mm). The compensation signal plays important role
in this phase. Since ESO signal has faster response, this phase is shorter under LADRC
controller. The total startup period is 0.14 s under PID and is 0.05 s under LADRC,
which shows LADRC have better performance in transient response. This indicator is
significant for AMB controllers.

4.3 Rotation Experiments

Rotation experiments are of great significance not only due to being the most common
working conditions but also because synchronous excitation caused by residual unbal-
ance can help to analyze the frequency domain characteristics of the system and the
control strategy.

The displacement response of rotation experiments from 0–200 Hz (up to 12000
r/min) under PID and LADRC are given in Fig. 9. During the rigid rotation speed range,
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Fig. 7. The transient response in levitation experiments under PID controller

Fig. 8. The transient response in levitation experiments under LADRC

both of the two controllers show good displacement response. The amplitude of vibration
remains within half of the TDBs clearance. There are four peaks within the speed range,
shown in Fig. 9 (a), which correspond to the four vibration modes of the system.

However, LADRC shows better performance at the four peaks and under 100 Hz. It
seems that the proposed LADRC have better damping property. When it comes to low
rotating speed range, it indicates that ESO signal shows better performance in isolation
of low-frequency vibration. There is a feedback loop in ESO, so that ESO signal has
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Fig. 9. The displacement response in rotation experiments under PID and LADRC controller

a more specific frequency truncation characteristic than integral signal. In fact, integral
signal shows obvious synchronous fluctuations until 60 Hz while it vanishes at 20 Hz
in ESO signal. Besides, the integral signal always has phase lag, which further suppress
the effect of differential signal and make the AMBs show less damping than designed.

5 Conclusions

In view of the high nonlinearity, parameter perturbation and external disturbance exist-
ing in AMB-rotor system, a LADRC is designed in this paper to suppress the rotor
displacement response while attenuating the impact of uncertainties. A plant model of
the decentralized controller is established with lump uncertainties including the model
error of the AMB force, the external load, and related parametric perturbation. Then,
a LADRC is designed. The LADRC contains a proportional-differential controller and
a three-order external state observer. The adjustable parameters of the LADRC can be
selected according to pole assignment. In order to verify the effectiveness of the LADRC,
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levitation experiments and rotation experiments are carried out with traditional PID
controller as comparison.
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