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Abstract Non-destructive testing is capable of detecting defects of important components, where a failure
could pose a significant hazard and cause severe economic losses. Currently, imaging techniques utilizing
gamma or X-ray sources are mainly used and allow to examine of devices ranging in size from units to tens
of centimetres, but for industrial-sized large components, these methods usually fail. The utilization of fast
neutrons in radiography is a promising alternative, especially for industrial applications. Currently, due to
the higher neutron-matter interaction probabilities, most neutron-imaging systems use thermal neutrons
originating from research reactors. Due to the intention of on-site inspection of revealing the possible
ruptures and failures, this option is not applicable. The paper presents the newly developed neutronic
models of printed circuit heat exchangers where the specific ruptures are defined. Next, neutron transport
simulations are performed to investigate the different irradiation geometries, various neutron sources, and
backfill materials to access the principal detectability of these ruptures in the industrial environment.
Finally, conclusions are drawn, and the best backfill material and neutron source are identified in the

simplified model.

1 Introduction

Non-destructive analysis (NDA) is an important tech-
nique for ensuring the integrity of critical components
[1]. These methods generally allow testing of the mate-
rial, without its damage, or with a breach so small, that
its functional properties are maintained. In particular,
nuclear systems that contain the primary coolant need
to be checked when manufacturing and are thoroughly
inspected during shutdowns for excessive wear or dam-
age. The estimate of the financial cost of one-day down-
time of Slovak NPP Mochovce (1 reactor, 505 MWe,
price of generated MWh in early 2022 = 61.25 €) is
approx. 740 k€. To reduce the time and cost associated
with the maintenance tasks of future energy systems,
technicians need to quickly identify potential defects
by non-destructive techniques.

One of the most challenging large industrial compo-
nents is the printed circuit heat exchanger (PCHE),
which is one of the compact new-class heat exchangers
[2] that can sustain high-pressure differences between
primary and secondary coolant sides, see Fig. 1.
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These exchangers are up to 85% smaller and lighter
than traditional technologies such as shell and tube heat
exchangers [4]. This reduction in unit size can lead to
significant savings in structural costs due to the elimina-
tion of excess pipework, frames, and associated equip-
ment. The PCHE [5] is characterized by high surface
area density while having high thermal efficiency of up
to 98% [6]. The design life is approx. 60 years, which is
comparable with nowadays lifespan of a nuclear reac-
tor. The limitations are the same as those of plate-fin
heat exchangers, with cleaning virtually impossible in
the tiny fluid passages, and design-code issues, with
no approved material certified to be used in nuclear
available. These exchangers are assumed to be imple-
mented also in Generation IV nuclear reactors [2]. Their
inspection during the downtimes, especially for the sys-
tems utilizing reactive sodium as a coolant, will become
a crucial operation affecting nuclear safety. Figure 2
shows examples of the ruptured PCHE which need to
be prevented and detected at their early stages. The
dark area shows where some of the channel “grid” has
been torn away from the original plate and remains dif-
fusion bonded to the adjacent plate.

Printed circuit heat exchangers have channels, which
are far too small to allow for visual inspection and
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a) Typical design of PCHE for concentrated
solar power plants

Fig. 1 Typical designs of PCHE for various applications
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a) End view of the ruptured PCHE

Fig. 2 Example of possible ruptures of PCHE [3]

dense enough to severely limit the ultrasonic or X-
ray imaging capability of the internal geometry. One
of the evolving methods of NDA is neutron radiogra-
phy [7, 8], which uses neutrons produced by subcritical
assemblies, nuclear reactors, or accelerators to pene-
trate dense objects. Neutron radiography has its ben-
efits. Neutrons easily pass-through metals, unlike X-
rays which are scattered or absorbed by the electrons
of high Z elements such as iron, nickel, and chromium
[9]. Moreover, various materials with high absorption
cross-sections can be used to backfill PCHE channels
to ease the detection of possible damages and defects.
Several scientific problems [10] need to be addressed
and solved to allow on-site fast neutron radiography
of large components. The first challenge lies in the neu-
tron statistics driven by the source strength of fast neu-
trons and a large amount of dense material between the
source and detector. The number of neutrons reaching
the detector has a direct impact on the ability to detect
cracks and ruptures of small size. Next, on the detec-
tor side, the scintillator converting neutrons to photons
need to be optimized to find the best contrast and suit-
able spatial resolution. The request for improved spa-
tial resolution then interferes with the decreased expo-
sure time. In the case of semiconductor imaging detec-
tors based on Timepix read-out, its enhancement for
improved neutron radiography with fast neutrons uti-
lizing the High-Density PolyEthylene (HDPE) layer is
under development at STU. In addition, the design of
the collimator influences the beam divergence, which
might introduce geometric unsharpness and might limit
the detectability of ruptures. Moreover, the appropriate
reconstruction software needs to be implemented.
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Hot Fluid Flow

' Cold Fluid Flow

b) Cutaway image of straight-channel PCHE with headers
and flanges attached [3]
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b) Delamination observed after burst test

1.1 Applications of printed circuit heat exchanger
technology

In terms of non-nuclear applications, PCHE is foreseen
to be used in concentrated solar power (CSP) plants,
offshore oil and gas processing stations, or exhaust
waste recovery systems. CSP system generates solar
power by using mirrors or lenses to concentrate a large
area of sunlight into a receiver transforming this energy
into electricity. By operating CSP plants at high tem-
peratures (up to 750 °C [11]), the plant efficiency can
be increased by using a compact design leading to lower
levelized costs of electricity. One of the key components
ensuring these technical features is the heat exchanger
that can transfer heat from the medium used to store
the sun’s energy (e.g., molten salt) to a compressible
fluid or gas (COz). From the cost perspective, it is
advantageous to use a heat exchanger design that has
small channels so that the total force applied by the
inside medium on the walls of the channel is small
even in case of high temperatures and pressures. If the
total force is reduced, less material is required leading
to lower total fabrication prices. PCHE is expected to
be used to transfer thermal energy from the primary
molten salt to the secondary COs.

In terms of nuclear applications, the situation is
similar. Extensive activities for small or microreactors
have enabled a new series of Generation IV nuclear
reactors that improve the economics and safety of
nuclear reactors and reduce radioactive waste. In this
regard, Sodium-cooled Fast Reactors (SFRs) have been
highlighted for their advantages in improving uranium
utilization and disposal of high radioactive waste by
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recycling spent nuclear fuel. One of the most promis-
ing conceptual designs of SFR is the Korea Advanced
Liquid Metal Reactor (KALIMER) with a capacity of
600 MWe. Because of water-sodium reactions in SFR,
the use of the Rankine cycle with the highest efficiency
is limited, a substitute working fluid is pursued for
ensuring safety and efficiency simultaneously, such as
carbon dioxide or nitrogen. Based on the evaluation
of the working fluid characteristics, various cycle lay-
outs have been proposed by KAERI. The Brayton cycle
with CO5 or Ny has been found as the most promis-
ing solution. Each medium has pros and cons, CO has
approximately 38% [5] higher efficiency than Na, how-
ever, it is responsive to sodium. The Brayton cycle with
N5 comprises a heater, pre-cooler, compressor, turbine,
and recuperator, among which the recuperator has the
largest volume (approx. 68% of the total equipment)
and heat capacity. In the case of the COg cycle, it
is the intermediate heat exchanger designed to trans-
fer the energy from sodium to COs. It is obvious that
any effort to reduce the plant footprint should focus on
the selection of this equipment, PCHE heat exchangers
manufactured by chemical etching and diffusion bond-
ing are foreseen for both designs of the KALIMER reac-
tor, as the recuperator or intermediate heat exchanger.
The failure of the PCHE channels utilized in the nuclear
industry, whether due to production defects or oper-
ation conditions, would lead to a significant environ-
mental, social, and financial impact. To minimize the
financial burden but also to enhance the safety of these
nuclear systems (e.g., reactors) it is clear, that the prob-
ability of a PCHE failure should be as low as possi-
ble. This can be achieved by applying material diagnos-
tic methods to identify possible manufacturing defects
and defects accumulated during the operation. One of
the evolving methods of NDA is neutron radiography,
which uses neutrons produced by subcritical assemblies,
nuclear reactors, radioisotope sources or accelerators to
penetrate dense objects.

1.2 Neutron radiography

Intensive research is currently conducted at the level
of imaging techniques for in-situ defectoscopy, where
gamma or X-ray sources are mainly used. Neutron
radiography is one of the most promising methods to
use in the evaluation of production defects of PCHE
panels and has numerous benefits over conventional
X-ray techniques. Neutrons in general pass-through
materials that X-rays cannot, whereas X-rays pass
through materials that are almost impossible for neu-
trons. While X-ray and gamma radiography’s ability to
provide information about low-density materials, espe-
cially in the presence of higher-density materials, is very
poor, neutron radiography does not suffer from this lim-
itation. When neutrons pass through an object, they
provide information about the internal structure of that
object. X-rays interact weakly with low atomic num-
ber elements (e.g., hydrogen) and strongly with high
atomic number elements, such as metals. On the other
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hand, while X-rays follow nearly linear attenuation with
density, neutrons follow no such trend. Neutrons inter-
act strongly with some very light elements with a low
atomic number, such as hydrogen, while easily passing
through many of the dense high atomic number ele-
ments that would give X-rays pause. Moreover, vari-
ous materials with high absorption cross-sections can
be used to backfill PCHE channels to ease the detec-
tion of possible damages and defects. As a result, these
two methods both show details that one would over-
look if only used a single method. To put the differ-
ence between X-rays and neutrons in simple terms, X-
rays are good at showing dense materials within light
materials [12]. On the other hand, neutrons are good at
showing light materials within dense materials (such as
a metal object with another substance or empty space
inside it), which is exactly the case for the production
and operational defects of PCHE systems.

1.2.1 Registering of neutrons

Registering neutrons, the indirectly ionizing parti-
cles usually requires neutron conversion to particles
detectable by radiation imaging systems. In the case
of fast neutrons and semiconductor detectors, an effec-
tive conversion reaction is the elastic scattering on light
atoms like hydrogen, recoiling its nucleus, the proton.
Layers of polyethylene [13-15], paraffine [16] or high-
density polyethylene (HDPE) [17, 18] can be used as
the coating of the X-ray imaging systems. However, the
products of the conversion reaction (protons) are scat-
tered under various angles, which deteriorates the qual-
ity of the image, especially in the case of high energies
of particles. The higher energy the conversion products
receive from neutrons, the larger deviation between the
position of particle registration and the real position
of neutron primary interaction will be. Recent imag-
ing systems developed for X-ray imaging do not have
to solve this problem, as the photons lose their energy
in single interaction contrary to protons, which tra-
verse the sensor and deteriorate the space resolution
of the system. Hybrid pixel detectors present radiation
imaging systems of the newest generation, operating in
so-called single particle counting mode, a reading-out
signal from every single particle detected. Each sen-
sor pixel is bump-bonded to its own read-out chain
on an integrated circuit placed directly beneath the
pixel, arranged on one CMOS ASIC (Application Spe-
cific Integrated Circuit) or read-out chip. The Timepix
read-out chip developed by Medipix2 collaboration [19]
contains 256 x 256 pixels with 55 pwm pitch. The prob-
lem of traversing protons is solved by various concepts
in neutron radiography with Timepix, either by using
the microchannel plate [20] or using the MURA mask
[16]. However, these solutions do not reach the origi-
nal space resolution of the system. The development of
hybrid pixel detectors based on Timepix read-out chip
brought new operating possibilities, which are suitable
to significantly eliminate the effect of proton travers-
ing in the sensor. Fortunately, the development of o
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read-out chips is ongoing and currently, the Timepix4
read-out chip is awaited. In comparison, to Timepix3, it
will exhibit an 8-times better time resolution of 195 ps,
which might increase the precision of proton tracking
and consequently improve the quality of a final image.
The hybrid pixel detectors based on Timepix read-out
chips are standardly developed with sensors made from
silicon, the most widespread material in electrotech-
nology. However, for radiation-demanding applications,
single-pad detectors from other semiconductor materi-
als with increased radiation stability, like GaAs or SiC
[21], emerge. The base material quality is significantly
affecting the detector quality and functionality. The SiC
radiation detectors show very good energy resolution
(like Si detectors) together with high thermal and radi-
ation stability, strongly exceeding standard semicon-
ductor materials. Their drawback is a very high price,
due to demanding production technology. The GaAs
detectors have radiation stability on the level of SiC
detectors but poorer energy resolution and a much more
favourable price.

1.2.2 Neutron source

The used source of neutrons is a relevant research topic.
Currently, most neutron-imaging systems use research
reactors that serve as a source of thermal neutrons.
However, research reactors have several disadvantages.
Usually, the power and, therefore, the available neu-
tron flux are not high enough and, therefore, achieving
a good quality image requires large irradiation times. If
the power of the reactor is sufficient, fuel burnup issues
may arise. The reactors are large equipment, which can-
not be moved, and irradiation (neutron imaging) can
be only performed through dedicated channels, which
are again limited by the available flux and energy of
neutrons. These reactors have also been built (usually
decades ago) for dedicated purposes and neutron imag-
ing can be only a side activity with limited time avail-
ability. Compared to nuclear reactors, accelerators pro-
duce far less radioactive waste and have lower safety
and logistical regulatory burdens. These accelerators
can be set up to generate neutrons through the DD
(deuterium-deuterium), DT (deuterium—tritium) or TT
(tritium-tritium) fusion reactions. Each fusion reaction
produces well-defined energy of neutrons, which can be
precisely set up according to the voltage of the acceler-
ator beam. The emitted energies can be subsequently
moderated reflected and collimated using a beam colli-
mator and special materials for a particular purpose.

2 Methods and techniques

2.1 SCALE modelling and simulation suite
An accurate treatment of neutron transport in PCHE

characterized by heterogeneous and complex design
requires the use of advanced computational tools. The
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SCALE comprehensive modeling and simulation suite
[22] for nuclear safety analysis and design that is
developed, maintained, tested, and managed by the
Reactor and Nuclear Systems Division (RNSD) of
Oak Ridge National Laboratory (ORNL) was cho-
sen to perform the first simulations of fast neu-
tron transport in PCHE. It is worth mentioning that
SCALE provides a comprehensive, verified and vali-
dated tool set for criticality safety, reactor physics,
radiation shielding, radioactive source term charac-
terization, and sensitivity and uncertainty analysis.
The sequence MAVRIC, included in the SCALE 6.2.3
code system, was used to perform all simulations pre-
sented in the paper. Monaco with Automated Variance
Reduction using Importance Calculations (MAVRIC)
fixed source radiation transport sequence is designed
to apply the multigroup and continuous energy fixed
source Monte Carlo code Monaco to solve problems
too challenging for standard, unbiased Monte Carlo
methods. The intention of the sequence is to calcu-
late fluxes and dose rates with low uncertainties in
reasonable times even for deep penetration problems
[22]. The forward Monte Carlo transport performed by
Monaco code can use either MG or CE cross-section
libraries.

For the sake of brevity, just the most important
options used in our modelling approach based on our
experience from similar calculations related to detector
response in VVER-440 core vicinity [23] are discussed
here. The coupled continuous neutron-gamma general-
purpose library based on ENDF /B-VII.1 was utilized in
our simulations. The neutron flux was tallied in the two
detector positions (see Fig. 3) where the energy bins
were identical to the 199-group VITAMIN-B6 struc-
ture except that an additional group has been added
to extend the top energy boundary to 20 MeV. The
detector behind the PCHE in so-called direct geom-
etry was placed 65 cm from the exchanger core cen-
tre, and the shortest distance of the core centre to
the detector in rotated geometry was set to 110 cm.
Each ideal virtual detector was simulated as a mesh
tally comprising 6660 cells with a size of 1 x 0.5 X
0.5 cm (45 pcs in the y-direction and 148 pcs in the
z-direction).

The quasi-monoenergetic neutrons used in the simu-
lation were assumed to be generated through the DD
(deuterium-deuterium) and DT (deuterium—tritium)
fusion reactions. The assumed neutron energies were
2.45 MeV and 14 MeV, where for simplicity the neu-
tron beam was assumed to be perfectly parallel and
generated from the 5 x 5 cm plane. In total 9 x 107
histories of neutrons were simulated without the appli-
cation of variance reduction techniques, thus giving the
total neutron fluence of 3.6 x 107/cm?. In principle,
always a pair of two simulation cases were investigated,
where the detector response related to the PCHE model
without defect was subtracted from the response of the
detector related to the PCHE model with specific rup-
ture. The resulting data was visualized by the arbitrary
tool.



Eur. Phys. J. Spec. Top. (2023) 232:1645-1656

B3

a) Simulation geometry — direct case.

Fig. 3 Definitions of simulation geometries

' {of

a) Cutaway image of straight-channel PCHE with
headers attached.

Fig. 4 Simplified model of PCHE developed at STU

2.2 PCHE simplified model

The PCHE is normally constructed from flat metal
plates into which fluid flow channels are chemically
etched. The plate layout and flow patterns of the cold
and hot sides of the exchanger are designed differently,
based on the application. In our simplified model, the
straight channels of the cold and hot sides are 3 mm
wide and 2.5 mm tall (4.5 mm x 4.0 mm) rectan-
gles respectively. The etched plates are then stacked
alternately (cold, hot, cold, hot..., cold) and diffu-
sion bonded together. There are 62 cold-side (water)
plates and 61 hot-side (sodium) plates in the model.
Each cold side plate consists of 120 rectangular chan-
nels and 70 above-defined channels can be found in
each hot side plate. The total exchanger core dimen-
sions are 80 cm x 67 cm x 200 cm. The core is sur-
rounded by metal walls and headers which distribute
the fluids into the exchanger core. In the simplified
model, the internal structure of headers was omitted.
The casing wall thickness was set to 4.2 cm. Alloy 800H
was assumed as the construction material of the PCHE
casing and exchanger core. This alloy is an austenitic,
heat-resistant nickel-iron-chromium solid solution alloy
with controlled levels of carbon, aluminium, titanium,
silicon, and manganese and controlled content of (Al
+ Ti). The simplified model of PCHE developed at
STU can be seen in Fig. 4 where to cutaway image
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b) Simulation geometry — rotated.

b) Front view of the PCHE model with details of the
primary and secondary channels.

and front view with primary (sodium) and secondary
(water) channels are shown.

In parallel to the reference model, the three specific
exchanger defects were defined and used in the follow-
ing simulations. The first simulated defect denoted as a
large one and shown in Fig. ba, is an empty rectangular
volume, tall 4.75 cm and in simulation filled by a void.
Such an unrealistically large defect was intended to test
the overall evaluation methodology and to demonstrate
the graphical postprocessing of tallied quantities.

The other two defects visualized in Fig. 5b demon-
strate ruptures similar to defects shown in Fig. 3a,
where a plate is torn from the adjacent one, and all pri-
mary or secondary channels at one horizontal level are
merged into one new channel. According to the type of
affected channels, these defects are denoted as sodium
or water-side defects.

2.3 Simulation scenarios

As shown in the previous section, in total 3 defects were
simulated (large, sodium and water) with two geome-
tries (direct and rotated) and two neutron sources (DD
and DT). The detector responses were always com-
pared to the reference (without defect) model. The ref-
erence parameters of the primary and secondary media
assumed during an inspection are the following. The
primary sodium with a density of 0.927 g cm™3, 98 °C
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a) Visualization of the large defect.

Fig. 5 Defects of PCHE used in the simulation
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Fig. 6 Total neutron flux at detector—the large defect—direct geometry

and, atmospheric pressure and the secondary water of
the same temperature and pressure with a resulting
density of 0.959 g cm~3. In addition, to assess the
impact of the different densities of the light nuclide
in the backfilling media, the secondary channels were
filled by the overheated water steam with a tempera-
ture of 550 °C, 20 MPa, and the resulting density of
0.060 g cm 3.

3 Results

The results acquired in the form of ideal detector
responses were graphically processed for ease of under-
standing. Three different approaches were applied to
the postprocessing of results. The first type of plot gen-
erated shows the subtracted total neutron flux (with
defect minus reference case) in each detector cell. The
second plot presents the neutron energy spectra on the
detector, where the energy group number can be found
on the z-axis. The lowest energy group number denotes
the neutrons with the highest energies. The third type
of plot used displays the sum of total neutron flux
responses in detector rows parallel to the defect in the
exchanger core.

3.1 Large defect—direct geometry

The first results are devoted to the large defect and
direct irradiation geometry. As can be clearly seen from

@ Springer

Fig. 6, both neutron sources (DT and DD) cause signif-
icant differences in the total flux at the neutron detec-
tor, clearly distinguishing between the part with and
without the PCHE rupture. In the case of the DT neu-
tron source, the location of the defect on the detector
response is sharper than in the case of the DD source.

A quite interesting response can be found in Fig. 7.
There is a higher number of neutrons in almost all
energy groups (the final spectra is a subtraction of
two simulations). Moreover, in the DT case shown in
Fig. 7a, the peak in the fastest energy group can be
identified. In the case of the DD neutron source, more
neutrons are observable in the lower energy groups, due
to their lower starting energy and following scattering
reactions.

The responses presented in Fig. 8 are just a special
variant of Fig. 6. The idea of summation of responses in
detector rows is derived from the principal construction
of PCHE and might speed up of detection of possible
ruptures. Figure 8 shows the better readability of the
plot and easier identification of the rupture positions.
It is clear that this approach is not necessary in case
of such a large defect, however, may play a role in the
case of smaller ruptures.

3.2 Sodium defect—direct geometry

Next, the sodium defect a direct geometry configura-
tion was investigated. The total neutron flux shown in
Fig. 9 suggests possible identification of the ruptured
plate location by the DT source. In the case of the
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Fig. 9 Total neutron flux at detector—the sodium defect—direct geometry

DD neutron source, the response does not point to the
defect location.

The previous findings are supported also by Fig. 10,
where the neutron spectra (after subtraction) are pre-
sented. The DT neutron case clearly shows an excess of
neutrons in all energy groups, whereas, in comparison
to the large defect case, neutrons moved from the fastest
neutron energy groups to the lower energy groups. Any-
how, the neutrons in the fastest groups are still observ-
able. The results acquired in the DD case show a differ-
ent pattern. There are more neutrons in some energies
and fewer neutrons in other energies. If the statistical

nature of real neutron measurement is considered in the
real case, this pattern of data prevents the successful
localization of the rupture in a reasonable time.

The row-wise neutron fluxes presented in Fig. 11
just underline the findings from previous paragraphs.
Clearly, in case of sodium rupture, the use of the DT
source shows much better performance than the DD
source. It seems that under the real measurement con-
ditions, the DD source cannot be successfully used to
detect this kind of rupture.
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Fig. 12 Total neutron flux at detector—the water defect—direct geometry

3.3 Water defect—direct geometry

The PCHE secondary side rupture, previously defined
as a water defect, was studied using a similar approach
as in previous cases and results can be found in the
following paragraphs. The results of the total neutron
flux (see. Fig. 12) cannot be judged as convincing. No
specific pattern can be recognized in either case.

The acquired neutron spectra at detectors (shown in
Fig. 13) also do not suggest any clear patterns. Just in
the case utilizing the DD neutron source one significant
decrease in the number of neutrons between the two
simulations can be observed. Theoretically, this isolated
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decrease of neutrons in the neutron spectra might be
principally detectable by resonance activation of foils,
however, in practice, we assume this option is compli-
cated and unrealistic in industrial conditions.

The results of row-wise neutron fluxes presented in
Fig. 14 just confirm the unfeasibility of water defect
detection utilizing DD and DT sources. No pattern can
be identified in the DT case. In the DD case, a reader
can notice a positive response on the left half of the
plot and more negative on the right side. This can be
explained by the higher absorption of neutrons with
lower energies in the case of simulation with the defect.



Eur. Phys. J. Spec. Top. (2023) 232:1645-1656

Neutron spectrum

g

0 n

WmeM$MMMﬂW

Neutrons |-|

WWNHJVHMM

@

190 1 2%
Neutron gnergy group [-]

a) DT neutron source

1653

Neutron spectrum

Neutrons |-]

A '"', ‘ |~ rm" Lfll - ‘ 1
L gl | J‘JVJ J,-J 1[{‘ Ilj H‘t; g L‘DM:‘\}* H J'J[l‘«: [.:Ar Lo

3 15 200

o0
Neutron Qn‘c;'g,\.‘ group [-]

b) DD neutron source
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Fig. 14 Row-wise neutron flux at detector—the sodium defect—direct geometry
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Fig. 15 Total neutron flux at detector—the sodium defect—rotated geometry

However, this effect seems to be very weak to be usable
in real measurement.

3.4 Sodium defect—rotated geometry

The simulations in rotated geometry were performed
for all investigated cases, however, as it is also demon-
strated in Fig. 5, no relevant results were obtained.
Some patterns in detector responses were observable,
but we judged them not applicable in a real industrial
environment, specially if direct geometry brought rel-
evant responses. It should be noted, that in the case

of the multigroup calculation, patterns were identified.
After investigation, we have revealed that these pat-
terns were artificial and caused by the discrete energy
groups structure (Fig. 15).

3.5 Overheated steam defect—direct geometry

As found in the water defect simulations, neither use of
DT nor DT source enabled the proper identification of
the related rupture. To change the slowing down prop-
erties of secondary media (also affecting absorption of

@ Springer
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Fig. 18 Row-wise neutron flux at detector—the steam defect—direct geometry

neutrons), the overheated steam was used as the back-
filling media. The results are shown in Figs. 16, 17, 18.

As can be seen in Fig. 16, the pattern can be easily
recognized in the detector responses for the DT and DD
neutron sources. Again, the response pattern is sharper
in the case of the DT source. Interestingly the neutron
spectra over the detector presented in Fig. 17 is almost
identical with exception of the fast neutron peak in the
case of the DT source.

@ Springer

The row-wise neutron fluxes presented in Fig. 18 sug-
gest the good detectability of the rupture, where shorter
irradiation time can be needed for the DT source.

4 Conclusions

In general, non-destructive testing is capable of detect-
ing defects of safety-related industrial components,
where a failure could pose a significant hazard and cause
severe economic losses. Currently, imaging techniques
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utilizing gamma or X-ray sources are mainly used, but
for industrial-sized large components, these methods
usually fail. The utilization of neutrons in radiogra-
phy is a promising alternative, especially for indus-
trial applications, but significant scientific progress is
needed to utilize the advantages of fast neutrons in
the real industrial environment. The paper focuses on
printed circuit heat exchangers, which are promising
large industrial components, with a potential for appli-
cation in Generation I'V nuclear reactors. Other authors
showed that the PCHE can be controlled in the pro-
duction facility by DT source and film detector. How-
ever, during outage and maintenance activities, the
ruptures on the level of one plate need to be timely
revealed. The results obtained with the simplified model
demonstrated the relevant potential of the fast neutron
radiography and PCHE for sodium fast reactors. The
direct geometry and DT neutron source in conjunc-
tion with the proposed evaluation principle from detec-
tor responses enables the detection of the rupture on
sodium side. On the other hand, the backfilling the sec-
ondary channel with overheated steam (or other media
with similar hydrogen content) allows the detection of
defects on the secondary side of the exchanger. Here
both DT ad DD sources showed promising results. The
rotated geometry did not confirm its usability. More-
over, the simulations performed confirmed the necessity
of the use of continuous libraries, where the multigroup
approach significantly altered the detector responses.
The next steps of the research team will be focused
on the more precise simulations considering real beam
collimators and the response functions of the detectors
available on the market. In addition, to validate our
simulations, the simplified mock-up of the PCHE will
be constructed and real irradiation utilizing the Tande-
tron accelerator in Piestany (which belongs to the Slo-
vak Academy of Sciences) will be performed in near
future.
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