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Abstract
During the decommissioning of the Fukushima Daiichi nuclear power plant, it is important to consider the retrieval of reso-
lidified debris both in air and underwater configurations. For the subsequent retrieval of debris from the reactor building, 
the resolidified debris must be cut into smaller pieces using various cutting methods. During the cutting process, aerosol 
particles are expected to be generated at the submicron scale. It has been noted that such aerosols sizing within the Green-
field gap (0.1–1 μm) are difficult to remove effectively using traditional spraying methods. Therefore, to improve the aerosol 
removal efficiency of the spray system, a new aerosol agglomeration method was recently proposed, which involves inject-
ing water mist to enlarge the sizes of the aerosol particles before removing them using water sprays. In this study, a series 
of experiments were performed to clarify the proper spray configurations for effective aerosol scavenging and to improve 
the performance of the water mist. The experimental results showed that the spray flow rate and droplet characteristics are 
important factors for the aerosol-scavenging efficiency and performance of the water mist. The results obtained from this 
study will be helpful for the optimization of the spray system design for effective aerosol scavenging during the decommis-
sioning of the Fukushima Daiichi plant.

Keywords Fukushima Daiichi decommissioning · Aerosol scavenging · Multiphase flow · Spray system · Aerosol-mist 
agglomeration

1 Introduction

In the 2011 Fukushima Daiichi accident, radioactive reactor 
fuel was relocated and resolidified at the bottom of the reac-
tor pressure vessel and primary containment vessel (PCV) 
due to the melting of the reactor core. During the decom-
missioning of the Fukushima Daiichi nuclear power plant 
(NPP), it is important to retrieve solid debris from damaged 
reactor buildings [1]. Prior to retrieval, debris and contami-
nated structural components should be cut using appropriate 
available techniques, such as laser cleaning and cutting [2, 
3]. However, based on the initial laser cutting experiments 
conducted by Institut de Radioprotection et de Sûreté Nuclé-
aire using debris simulants, it has been determined that the 
in- and ex-vessel laser cutting processes may generate the 
aerosol particles with mass median diameters of 0.27 and 
0.16 μm, respectively [4–6]. Moreover, the vibrations result-
ing from laser cleaning or cutting may potentially resuspend 
radioactive particles present on structural surfaces. Conse-
quently, these radioactive aerosol particles of submicron size 
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have the potential to disperse into the atmosphere of PCVs, 
thereby posing radiological hazards to both the surrounding 
environment and general public.

To remove the aerosol particles in light water reactors 
(LWRs), different safety systems can be considered, such 
as filtered containment venting systems [7, 8], suppression 
pool scrubbing systems [9, 10], and containment spray sys-
tems [11]. However, in the case of severe LWR accidents, 
there is a risk of radioactive aerosol release due to filter 
and pool bypass [12]. Additionally, it is anticipated that the 
cutting and cleaning processes involved in the decommis-
sioning of reactor components will likely result in the gen-
eration of aerosols. Considering the removal of radioactive 
aerosol particles inside the damaged PCVs after a severe 
LWR accident, the spray system is the most applicable 
and effective option for mitigating the aerosol suspensions 
inside a closed space and cooling the high-temperature 
debris with decay heat. As shown in Fig. 1, spray droplets 
can capture submicron aerosols through mechanical effects 
(including Brownian diffusion, interception, and inertial 
impaction), phoretic effects (that is, diffusiophoresis and 
thermophoresis), and electroscavenging [13, 14]. To study 
water spray for washing out aerosol particles in the case of 
severe NPP accidents and decommissioning, some experi-
mental studies have been conducted, such as those at the 
TOSQAN facility [11, 15], SCRUPOS facility [16], and 
COSTTHES facility [17]. However, it has been noted that 
the aerosols within the Greenfield gap (0.1–1 μm) [18], 
which specifically pose significant concerns in case of 
Fukushima Daiichi, are difficult to be effectively removed 
by the spray droplets because of the low collection effi-
ciency. Considering the Fukushima Daiichi decommis-
sioning task, it is of significant importance to improve the 
scavenging efficiency of aerosol particles in the Greenfield 

gap for better mitigation of fission products and less con-
taminated water production.

Therefore, to improve the aerosol removal efficiency 
of the spray system, a new aerosol agglomeration method 
was recently proposed by injecting water mist to increase 
the sizes of aerosol particles before removing them using 
water sprays [19–21]. As illustrated in Fig. 2, Greenfield 
aerosols are expected to coalesce with water mist parti-
cles, forming larger agglomerated particle clusters com-
prising aerosol particles and water mist. According to 
the experiments performed at the University of Tokyo, 
Aerosol Removal Tests facility with Sprays (UTARTS) 
[19–21], it was confirmed that the pre-injection of water 
mist can significantly improve the aerosol spray scaveng-
ing efficiency by increasing the size of aerosols. However, 
it should be highlighted that the different spray configura-
tions (for example, spray angle, spray flow rate, etc.) along 
with different spray droplets characteristics (for example, 
droplet size distribution, droplet velocity, etc.) may play an 
essential role on the performance of the enlarged aerosol-
mist particles in improving the aerosol removal efficiency. 
Therefore, it is important to study effective aerosol scav-
enging under different spray and mist configurations for 
the optimization of the spray system for Fukushima Dai-
ichi decommissioning.

Motivated by the objective of enhancing the under-
standing of aerosol scavenging, achieving improved miti-
gation of fission products, and reducing the production of 
contaminated water during the decommissioning of the 
Fukushima Daiichi NPP, we conducted a comprehensive 
series of experiments in this study employing different 
spray nozzles and concentrations of the injected water 
mist to examine the effectiveness in aerosol scavenging. 
Section 2 provides an overview of the experimental con-
ditions and procedures. Section 3 presents the experimen-
tal results and corresponding analyzes. The conclusions 
and potential future directions are outlined in Sect. 4. It 
is anticipated that the results of this study will contribute 
to the optimization of spray system designs for efficient 
aerosol scavenging during the decommissioning process 
at Fukushima Daiichi.

Fig. 1  (Color online) Illustration of mechanisms of aerosol collection 
by a downward falling spray droplet. Abbreviation: aerosol particle 
(AP)

Fig. 2  (Color online) Agglomeration method for aerosol particles 
using water mist
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2  Experimental conditions

2.1  Experimental setup

Figure 3 shows a schematic of the UTARTS experimental 
system. The main experimental facility was a stainless-
steel containment vessel 2.5-m in height, 1.5-m in diam-
eter, and 3.92-m3 in volume. Thirteen optical observation 
windows and one manhole were installed on the facility 
wall for visualization inside the vessel. Several small holes 
were inserted into the sidewalls of the facility for mist 
injection and measurements using the aerosol sampling 
line. A water discharge hole was used to control the valve 

at the central bottom of the vessel. A spray injection tube 
was inserted through the flange at the center of the top of 
the vessel. A hole near the spray nozzle entrance flange 
was used to discharge aerosol particles with gas outside 
the facility after the experiments. The discharged gas was 
filtered using a high-efficiency particulate air (HEPA) filter 
before being exhausted.

In this study, four spray nozzles fabricated by a spray-
ing system company were employed. The nozzle scheme is 
illustrated in Fig. 3, and Table 1 lists the important nozzle 
parameters. As listed in Table 1, Nozzles 1, 2, and 3 are 
single-hole full-cone nozzles with different spray configura-
tions and droplet characteristics. However, considering that 
the washing space of single-hole nozzles is insufficient for 

Fig. 3  (Color online) Schematic of the UTARTS facility
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large-scale Fukushima PCVs, a spray system with multiple 
nozzles or outlets is suggested for actual Fukushima Dai-
ichi decommissioning [22]. Thus, a multi-orifice Nozzle 4 
comprising seven orifices with one at the center and six at 
the sides, as shown in Fig. 3, was utilized to increase the 
washing space. The spray droplet size distributions of the 
nozzles are shown in Fig. 4. The droplet size distributions 
were determined by the shadowgraphy and interferometric 
laser imaging for droplet sizing techniques [20, 23]. Fig-
ure 5 schematically illustrates the spray patterns of the noz-
zles. During the experiments, spray water was injected into 
a water tank using a pump. Aerosol particles of  ZrO2 with 
a mass median diameter d50 = 0.15 μm were employed to 
simulate particles from laser cutting of fuel debris.  ZrO2 
aerosol particles are considered because according to the 
laser cutting tests on in- and ex-vessel fuel debris simulants, 
a large proportion of  ZrO2 particles with mass mean diam-
eters of 0.16 μm and 0.27 μm were found to be generated [3]. 

Table 1  Parameters of the spray nozzles used in the experiments

a The data of spray angles were provided by the manufacturer
b The average droplet velocities were measured near the nozzle outlets by using the PIV (Particle Image Velocimetry) and Shadowgraphy tech-
niques [20, 21, 23]. The velocity of droplets will gradually decrease during their falling

Nozzle number 1 2 3 4

Model GG-30 TG-3.5 TG2 FORJET 1-7 N SS BSPT
Number of nozzle hole 1 1 1 7
Orifice diameter (mm) 1.2 1.7 1.2 1.1 for each orifice
Spray  anglea (°) 26–32 46–50 46–50 120 ~ 162
Average droplet velocity magnitude at 2 L/minb (m/s) 20 – 18 7
Average droplet velocity magnitude at 3 L/minb (m/s) 32 15 30 9
Average droplet velocity magnitude at 4 L/minb (m/s) – – – 12
Droplet Sauter mean diameter (μm) 309 344 302 162
Spray pattern of the whole nozzle Full cone Full cone Full cone Full cone
Distance from the top of vessel (cm) 30 30 30 35

Fig. 4  (Color online) Droplet size distributions from different spray 
nozzles

Fig. 5  (Color online) Schematic of gas recirculation, accumulated water and water film: a Nozzle 1; b Nozzles 2 and 3; c Nozzle 4
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Before the experiments, dry  ZrO2 particles inside the genera-
tor chamber were blown via high-pressure airflow injection 
through a Laskin nozzle and turbulence due to fan rotation. 
The aerosol particles were then injected into the vessel.

An ultrasonic mist generator (MZ-JH30, Japan Yamazen 
Company) was used for submicron water mist generation 
and injection. For the aerosol measurement, two points are 
considered: one measurement point (P1) was on the half 
diameter of the vessel and 1.4-m below the nozzle outlet, 
while the other (P2) was 0.4-m from the vessel sidewalls 
and 0.85-m below the nozzle outlet. The aerosol sampling 
line was used to measure the aerosol concentrations at differ-
ent positions. In the experiments, both sampling lines were 
used to evaluate the variations in aerosol concentrations. 
To eliminate water mist in the sampling flows before enter-
ing the aerosol analyzer, heater-wrapped tubes of 1.2-mm 
in length were installed before the aerosol analyzer, which 
could heated up to 180℃. After passing through the heater-
wrapped tubes, the aerosol sample flows entered the aero-
sol analyzer Welas3000, where the aerosol particle number 
concentration and size distribution during the experiments 
were measured. Welas3000 is a light-scattering spec-
trometer system that can measure particle concentrations 
from < 1 particle/cm3 to  106 particle/cm3 and particle sizes 
ranging from 0.2 to 10 μm with an absolute measurement 
error of ± 0.01 μm and relative error of 5% [24].

2.2  Experimental procedures

The general experimental procedure is illustrated in Fig. 6. 
First, aerosol particles were generated and injected into 
the vessel until the particle concentration reached the tar-
get value. Then, the bottom blowing gas was performed for 
15 min to ensure that the aerosol particles were uniformly 
dispersed inside the vessel. In the experiments using water 
mist, the mist was injected by the humidifier and dispersed 
inside the vessel for 15 min. The initial setting of the humid-
ifier was varied to achieve different concentrations of water 
mist. In this study, a mist with a low concentration was 
achieved by initially adjusting the humidifier to the lowest 
setting, whereas a high concentration was achieved using the 
highest setting. After mist injection, the experiment was per-
formed for another 15 min to provide sufficient time for the 
aerosol mist agglomeration so that larger-sized coagulated 
aerosol-mist particles could be formed. The spray injection 
was then activated continuously for 60 min to remove aero-
sol particles and water mist. During spray activation, aerosol 
concentrations at different points were measured using the 
aerosol analyzer Welas 3000. After completing the meas-
urement, the spray was deactivated, and the accumulated 

spray water in the lower part of the vessel was discharged. 
Simultaneously, the remaining aerosol-containing gas was 
exhausted using a HEPA filter. The main door in the vessel 
was then opened to clean the interior.

2.3  Experimental cases

Thirty-two experiments were conducted to investigate 
effective aerosol scavenging using different spray config-
urations with water mist for Fukushima Daiichi decom-
missioning. Table  2 lists the experimental conditions 
for each case. The experiments were performed at room 
temperature (~ 20 ℃) and atmospheric pressure (~ 1 bar). 
The spray water and mist were collected at room tem-
perature. Three different mist concentrations (Cmist) (no 
mist, low Cmist, and high Cmist) were used to investigate 
the effects of water mist on aerosol scavenging. Figure 7 
illustrates the mist concentration levels and size distri-
butions for both low- and high-concentration mists. For 
both mist concentration levels, the mist size was distrib-
uted around similar peaks with a diameter of 0.68 μm. 
In our previous study [19], by calculating the collection 
kernels of different mechanisms for mist-aerosol coagula-
tion under several reasonable assumptions, it was verified 
that under our experimental conditions, the contribution 
of the mechanisms to mist-aerosol coagulation can be 

Fig. 6  Experimental procedures. Abbreviation: aerosol particle (AP)



 R.-C. Xu et al.   42  Page 6 of 19

ranked by: (1) gravitational coagulation, (2) Brownian 
coagulation, (3) turbulent shear-induced coagulation, (4) 
laminar shear-induced coagulation, and (5) turbulent iner-
tial coagulation. Additionally, the effect of water mist on 
increasing the aerosol size was verified by comparing the 
aerosol concentration probability density function before 
and after mist injection and idling [21]. In addition to the 
mist concentration, the spray nozzle and spray flow rate 
(Q) were also considered as experimental parameters to 
understand the influence of spray configurations on aerosol 
scavenging.

3  Results and discussion

3.1  Aerosol size distribution variation during spray

Figure 8 shows the variations in the aerosol size distribu-
tion of the aerosol number and mass concentrations during 
the 3 L/min spray from Nozzle 4 without mist injection. 
The variations in the aerosol mass concentration shown in 
Fig. 8b were estimated by assuming spherical shaped aero-
sol particles. The black line in Fig. 8 shows the initial size 
distribution before spraying, whereas the other lines show 
the experimental data obtained at 1, 3, 5, 10, 20, 30, 40, 
50, and 60 min. It can be observed that the aerosol number 
concentration peaks appear at 0.55 μm. Although the num-
ber concentration of the submicron particles was larger than 
that of the micron-sized particles, the mass concentration of 
the micron-sized particles was larger because of the heavier 
weight of the particles. Both the number and mean mass 
diameters were larger than the initial median mass diameter 
of the aerosol particles. This indicates that aerosol parti-
cles can agglomerate, as confirmed by scanning electron 
microscopy analysis [25]. Here, it is worthwhile to note that 
according to our previous experimental measurement [19], 
the relative humidity inside the UTARTS chamber increases 
from environmental humidity (approximately 65%) to 99% 
after the 400-sencond spray due to the generated small drop-
lets. The falling time of the droplet inside the chamber was 
short because of its high velocity compared to the chamber 
scale. Thus, the effect of diffusiophoresis on the capture of 
aerosol particles surrounding falling spray droplets can be 

Table 2  Experimental cases

Case number Nozzle number Spray flow rate, Q 
(L/min)

Mist con-
centration, 
Cmist

1 1 2.0 No mist
2 Low Cmist

3 High Cmist

4 2.4 No mist
5 High Cmist

6 3.0 No mist
7 High Cmist

8 2 2.0 No mist
9 Low Cmist

10 High Cmist

11 2.4 No mist
12 High Cmist

13 3.0 No mist
14 High Cmist

15 4.0 No mist
16 High Cmist

17 3 2.0 No mist
18 Low Cmist

19 High Cmist

20 2.4 No mist
21 High Cmist

22 3.0 No mist
23 High Cmist

24 4 2.0 No mist
25 Low Cmist

26 High Cmist

27 2.4 No mist
28 High Cmist

29 3.0 No mist
30 High Cmist

31 4.0 No mist
32 High Cmist

Fig. 7  Mist size distribution for low and high concentration levels 
[19]
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neglected in comparison with other effects (for example, ini-
tial impaction, interception, and Brownian diffusion). Fur-
thermore, during spray activation, the concentration of larger 
aerosol particles reduced faster than that of smaller particles, 
especially for the mass concentration variation depicted in 
Fig. 8b. As shown in Fig. 8, after a 60-min spray, the larger 
aerosol particles were almost completely removed, whereas 
the smaller particles (especially those smaller than 0.4 μm) 
still remained, leading to a reduction in the concentration 
peak. This obvious variation in the aerosol size distribution 
can be attributed to the fact that compared to the smaller 
aerosol particles, the larger particles can be removed more 
effectively due to the more significant inertial impaction and 
interception from the spray droplets.

3.2  Aerosol scavenging efficiency and removal rate

To evaluate the scavenging efficiency of aerosol particles of 
varying sizes under different spray configurations and mist 
concentrations, the scavenging efficiency after tspray spray 
time for a certain aerosol size was defined according to the 
ratio of the difference in the number concentration of aerosol 
particles, Cn(t), between t = 0 s and t = tspray to the concentra-
tion at t = 0 s:

(1)E
(
tspray

)|||d=dp
=

Cn(0s)
|
|d=dp − Cn

(
tspray

)|
||d=dp

Cn(0s)
|
|d=dp

.

Additionally, to assess the aerosol removal rates during 
the entire spray process, the balance equation for the varia-
tion in aerosol particle concentration in the gas space of the 
vessel during spraying was considered [11]:

where λs is the aerosol removal rate during the entire scav-
enging process by water spray; Ssource and Sdeposition represent 
the aerosol source and loss terms, respectively.

In this study, Ssource and Sdeposition were both assumed to be 
zero, because there was no further aerosol injection into the 
vessel once the spray was activated and the aerosol particle 
deposition rate was negligible compared to that from spray 
scavenging. Hence, the following expression can be derived 
from Eq. (2):

In this study, the data of aerosol number concentration 
during 60–1200 s spray were considered for the data fitting 
to determine the value of λs in general. However, for those 
cases with very fast aerosol removal (such as Case 16 with 
high spray flow rate and high mist concentration), the data of 
aerosol number concentration during 60 s to the time before 
99% aerosol particles being removed are selected to ensure 
the accurate determination of λs.

(2)
dCn(tspray)

dt
= −�sCn(tspray) + Ssource + Sdeposition,

(3)Cn(tspray) = Cn(0s)e
−�stspray .

Fig. 8  (Color online) Aerosol size distribution variation during spray (Case 29: Nozzle 4; Q = 3L/min; No mist): a Normalized aerosol number 
concentration, b Normalized aerosol mass concentration
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3.3  Effect of mist

Figure  9 shows the aerosol-scavenging efficiency E at 
30-min 2 L/min spray. The error bars in each case represent 
the standard deviations of E values following the different 
measurement points. From Fig. 7, it can be observed that 

irrespective of the spray nozzles, the aerosol scavenging 
efficiencies can be increased due to the injection of water 
mist for all aerosol particles of different sizes. Furthermore, 
a larger mist concentration promoted aerosol scavenging 
efficiencies more significantly, especially for those inside 
the Greenfield gap. This phenomenon can be understood as 

Fig. 9  (Color online) Comparisons of aerosol scavenging efficiencies at different mist concentrations after 30-min spray (Q = 2L/min): a Nozzle 
1, b Nozzle 2, c Nozzle 3, d Nozzle 4
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follows. In the presence of water mist, the diffusiophoresis 
mechanism compels the aerosol particles within the experi-
mental chamber to migrate toward the water mist surface. 
Additionally, mist-aerosol coagulation may also occur due 
to different mechanisms, especially gravitational coagulation 
and Brownian coagulation [19]. Additionally, it is plausible 
that the surface wettability of aerosol particles is enhanced 
by their agglomeration with the mist, resulting in improved 
hydrophilicity. Consequently, these agglomerated particles 
exhibited an increased affinity toward the spray droplets, 
facilitating their removal. The aerosol-scavenging efficiency 
was enhanced in cases where mist injection was employed, 
primarily because of the enlargement of aerosol particles 
and the resulting improvement in hydrophilicity.

Moreover, a comparison of Fig. 9b with Fig. 9a, c, and d 
shows that the enhancement of the aerosol scavenging effi-
ciency is less pronounced when Nozzle 2 is utilized. This 
observation indicates that the configuration of the spray noz-
zle may also impact the efficacy of the water mist in improv-
ing the aerosol scavenging efficiency. Specifically, for the 
2 L/min spray using Nozzle 2, the water mist is found to be 
more effective in improving the scavenging efficiency for 
smaller aerosol particles (for example, dp < 0.4 μm) in gen-
eral. This is because of the enhanced diffusiophoresis and 
improved surface wettability of the aerosol-mist agglom-
erated particles. However, for larger aerosol particles, the 
aerosol scavenging efficiency slightly improved when using 
a high-concentration mist. When using a low-concentration 
mist, the scavenging efficiency of the larger-sized aerosol 
particles seemed to be similar to that of the neutral spray 
condition, with a very slight deviation. Notice that the drop-
let velocity for Nozzle 2 is slower and the mist also promotes 
aerosol-mist agglomeration to enlarge the sizes of aerosol 
particles. This may be because in the case of low flow rates, 
the inertial impaction, which is effective in capturing larger 
aerosol particles, has a less significant contribution to the 
aerosol collections due to the lower droplet velocity, leading 
to a smaller improvement in the total collection efficiency. 
Furthermore, the contribution of the droplet velocity in 
enhancing the aerosol scavenging efficiency also explains 
why the scavenging efficiencies were different for Nozzles 
2 and 3, although both nozzles shared similar cone angles 
and droplet size distributions.

Figure 10 shows the aerosol removal rates at different mist 
concentrations for different spray nozzles. This figure clearly 
confirms that the aerosol removal rates can be improved by 
adding water mist, irrespective of the spray configuration. 
However, different spray configurations can affect the per-
formance of the water mist in improving the aerosol removal 
rate. For example, according to Fig. 10a–d, increasing the 
spray flow rate aids in improving the performance of the 

water mist (especially for Nozzles 2 and 3), indicating that 
the different characteristics of spray droplets are essential 
in removing aerosol-mist agglomerated particles via differ-
ent collection mechanisms. The differences in the droplet 
velocity, which can not only influence the inertial aerosol 
capture, but also the gas entrainment to the spray region, 
may also significantly affect the performance of the water 
mist, according to the comparison between the results from 
Nozzles 2 and 3. In the following subsections, the effects of 
spray configurations on the aerosol scavenging efficiency 
and performance of water mist are discussed in more detail 
based on the evaluation of the aerosol collection efficiencies 
of different mechanisms by droplets.

3.4  Evaluation of aerosol collection efficiencies

As described above, spray droplets can capture aerosol par-
ticles through mechanical effects (including Brownian dif-
fusion, interception, and inertial impaction), phoretic effects 
(that is, diffusiophoresis and thermophoresis), and electro-
scavenging [13, 14]. It should be noted here that consid-
ering the aerosol collection mechanisms by spray droplets 
in the present study, inertial impaction, interception, and 
Brownian diffusion play more significant roles in removing 
aerosol particles than diffusiophoresis and thermophoresis 
[17, 26], and electro-scavenging is not considered in this 
study. Table 3 summarizes the models for aerosol collec-
tion efficiency using a single spray droplet. Based on the 
information of droplet characteristics (including droplet size 
distribution and average droplet velocity) in Table 2 and the 
models listed in Table 3, the average collection efficiencies 
of aerosol particles ranging from 0.2 to 1 μm in size by a sin-
gle droplet from different nozzles at 3 L/min spray are evalu-
ated, as shown in Fig. 11. The average collection efficiencies 
are obtained by calculating the collection efficiencies for 
the single droplet for possible sizes and assuming that the 
droplet-driven particle-laden gas velocity magnitude is neg-
ligible in the comparison with that of the droplets under the 
experimental conditions. From Fig. 11, it can be observed 
that the collection efficiencies of the inertial impaction by 
a single droplet for Nozzles 1 and 3 are generally compara-
ble and larger than those for Nozzles 2 and 4, respectively, 
owing to their larger droplet velocities. Nozzle 4 exhibited 
the largest collection efficiencies of interception and Brown-
ian diffusion because of its finer droplet size. However, from 
Figs. 11a–c, it can be observed that inertial impaction plays a 
dominant role in aerosol collection by a single droplet com-
pared to interception and Brownian diffusion. Therefore, as 
shown in Fig. 11d, the relationship governing total aerosol 
collection efficiency by a single droplet between the four 
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nozzles is generally: η t ota l, nozzle1   ≈  η total, noz zl e3  >  ηtotal,  n ozz le2   >  
η to tal , nozzle4.

Figure 12 shows the average total collection efficiencies 
of a single droplet for the Nozzle-4 spray at different flow 
rates. It is observed that increasing the spray flow rates is 

Fig. 10  (Color online) Aerosol removal rates at different mist concentrations: a Nozzle 1, b Nozzle 2, c Nozzle 3, d Nozzle 4
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effective for increasing the total aerosol collection efficiency 
by a single droplet. This is because a higher spray flow rate 
enhanced the production of droplets with higher velocities. 
High-velocity droplets have sufficient inertia to ensure that 
more aerosol particles do not follow their original streamline 
around the spray droplets and move sufficiently close to the 
droplet surfaces, leading to collisions. However, collection 
by Brownian diffusion is restricted to a certain degree. Based 
on this understanding of the aerosol collection efficiencies of 
a single droplet, the effects of the spray flow rate and nozzle 
are analyzed in the following subsections.

3.5  Effect of spray flow rate

Figure 13 shows the effect of the spray flow rate on the 
aerosol scavenging efficiencies after different spray times 
for Nozzles 1 and 4 under the no-mist and high-mist condi-
tions. It can be seen that regardless of the spray nozzle, the 
aerosol scavenging efficiencies can be significantly increased 
with a higher flow rate. This is more evident at the earlier 
spray stage where the aerosol particles are not completely 
removed at high spray flow rates (for example, the 10-min 
spray shown in Fig. 13a and b). This is because not only 

can the total aerosol collection efficiency be improved by 
a larger spray flow rate due to the enhanced predominance 
and collection efficiency of inertial impaction, as shown in 
Fig. 12, but also because denser droplets facilitate faster 
aerosol removal. The high-velocity droplets had sufficient 
inertia to ensure that more aerosol particles did not fol-
low their original streamline around the spray droplets and 
moved sufficiently close to the droplet surface, leading to 
collisions. Additionally, spray droplets with higher veloci-
ties may promote gas recirculation from the peripheries 
to the center of the experimental vessel [29], as shown in 
Fig. 5. Thus, smaller gas-containing aerosol particles, which 
move more easily following the gas streamlines, may move 
from the periphery toward the center and re-enter the spray 
region, thereby improving the overall scavenging efficiency. 
This effect is expected to be more significant if the nozzle 
has a smaller spray angle (for example, Nozzle 1 shown in 
Fig. 5a), which means that the spray droplets are concen-
trated within the center of the vessel. From Fig. 13, it can 
be seen that the aerosol scavenging efficiencies at a specific 
spray time can be improved more significantly by employ-
ing both a higher spray flow rate and higher concentration 
of mist.

Table 3   Mod els  f or  aer osol  collection efficiency by  a  sin gle  dr opl et [27, 28]

a In the model for the inertial impaction, St is the Stokes number; ρP is aerosol particle density; dP and dD mean aerosol particle diameter and 
spray droplet diameter, respectively; UG and UD signify the velocity of gas and droplet, respectively; µG is the dynamic viscosity of air
b In the model for the interception, J and K are two empirical factors related to the volume fraction of liquid phase αL; σ stands for the ratio of dynamic 
viscosities between spray droplets and gas phase; R represents the ratio of diameters between the aerosol particles and the water droplets
c In the model for the Brownian diffusion, Pe is Peclet number; Ddiff represents the diffusion coefficient; C is the Cunningham correction factor; 
kB is Boltzmann constant; vG is the kinematic viscosity of air gas; T is temperature; l signifies the mean free path length of air

Aerosol collection mechanism Model of aerosol collection efficiency by a single droplet
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However, considering the decommissioning of Fuku-
shima Daiichi NPP, one important issue is the reduction of 
contaminated water production. The aerosol scavenging effi-
ciencies for different spray flow rates and mist concentrations 

under the same water consumption (120 L) are compared 
in Fig. 14. It can be seen in the figure that by increasing 
the spray flow rate with the same water consumption, more 

Fig. 11  Evaluation of average collection efficiencies of aerosol par-
ticles in the Greenfield gap by a single droplet from different noz-
zles under 3 L/min spray: a Collection efficiency of inertial impac-

tion, b Collection efficiency of interception, c Collection efficiency of 
Brownian diffusion, d Total collection efficiency
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aerosol particles can be captured by the spray droplets owing 
to their higher velocity to promote the collection of inertial 
impaction and enhance the reentry of the aerosol particles 
to the center. The effect of the mist on improving the aero-
sol scavenging efficiency can be confirmed by comparing 
Fig. 14a, c, b, and d. Therefore, to better mitigate fission 
products and reduce contaminated water production dur-
ing Fukushima Daiichi decommissioning, it is suggested to 
utilize higher spray flow rates and higher concentrations of 
injected water mist, based on the results of the current study.

Moreover, to investigate the effect of the spray flow rate 
on the performance of water mist in improving the aerosol 
removal rates, Fig. 15 shows the aerosol removal rates for 
different nozzles at different spray flow rates for all nozzles 
considered in the current experiments. In this figure, the 
solid and dashed lines show the data at the “No mist” and 
“High Cmist” conditions, respectively; and the data from the 
same nozzle are shown in the same color and point style. 
From Fig. 15, it is seen that the performance of the mist in 
improving the aerosol removal rates is generally optimized 
when a higher spray flow rate is used. This may be because 
in the case of high flow rates, the inertial impaction, which 
is more effective for capturing larger-sized aerosol parti-
cles, has a more significant contribution to the collections 
of larger-sized aerosol-mist agglomerates owing to the high 
droplet velocity, leading to a higher total collection effi-
ciency (for example, the examples shown in Fig. 12). The 

performance of the water mist was less evident for Nozzles 
2 and 4 at low spray flow rates, which may be due to the 
smaller increase in the aerosol collection efficiency with 
an increase in the aerosol particle size. Another important 
observation in Fig. 15 is that for Nozzle 1, increasing the 
spray flow rate has a less significant effect on the perfor-
mance of the water mist. This may be explained by the fact 
that the spray angle of Nozzle 1 was smaller than those of the 
other nozzles, as shown in Table 2. In this case, re-entrain-
ment of gas-containing aerosol particles to the central spray 
region is essential for aerosol capture by the droplets. How-
ever, enlarged aerosol particles with larger Stokes numbers 
make it difficult to direct the recirculating gas streamlines 
toward the center of the vessel, resulting in less improvement 
in the mist performance in aerosol scavenging.

3.6  Effect of spray nozzle

To further study the effects of the spray configuration and 
droplet characteristics on aerosol scavenging, the aerosol 
scavenging efficiencies for different spray nozzles after 
30-min spray are compared in Fig. 16. The figure shows 
that regardless of the spray flow rate and mist concentration, 
the aerosol scavenging efficiency has the following relation-
ship: ENozzle3 > ENozzle1 > ENozzle2 > ENozzle4. The relationship 
of spray angles is: θNozzle4 > θNozzle2 ≈ θNozzle3 > θNozzle1, and 
simply increasing the spray space may not aid in improving 
the aerosol scavenging efficiency. The spray droplet charac-
teristics (for example, velocity and size) may play more sig-
nificant roles. From Table 2, the relationship of the droplet 
Sauter mean diameter from different nozzles is: dD,Nozzle3 
> dD,Nozzle1 > dD,Nozzle2 > dD,Nozzle4; and the relationship of 
droplet velocities is: UD,Nozzle1 ≈ UD,Nozzle3 > UD,Nozzle2 > 
UD,Nozzle4. Comparing the data of Nozzles 1 and 3 shown 
in Fig. 16, Nozzle 3 shows larger aerosol scavenging effi-
ciencies, although it is known that the average total aerosol 
collection efficiencies of a single droplet for Nozzles 1 and 
3 are similar (see Fig. 11d), and UD,Nozzle1 are comparable 
with UD,Nozzle3. One reason for this could be that the droplets 
of Nozzle 3 are smaller than those of Nozzle 1, and smaller 
droplets are produced by Nozzle 3, resulting in the produc-
tion of denser droplets. This means that more droplets fell 
into the vessel during a unit time in the case of Nozzle 3. 
Additionally, as illustrated in Fig. 5a, the spray water can 
only accumulate at the bottom of the vessel if Nozzle 1 is 
employed, due to its smaller spray angle. However, in the 
case of Nozzle 3, water films may have formed at the side of 
the vessel (see Fig. 5b) due to its wider spray angle. When 
moving aerosol particles experience significant inertia, they 
can be captured by the surfaces of both the water films and 

Fig. 12  Average total collection efficiencies by a single droplet for 
Nozzle-4 spray at different flow rates
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accumulated water. As a result, Nozzle 3 showed better aero-
sol scavenging than Nozzle 1.

Additionally, according to Fig. 16, Nozzle 4, which had 
the widest spray angles in the current study, showed the 
lowest aerosol scavenging efficiency despite the larger sur-
face area of accumulated water. Water films formed during 
spraying and the densest droplets discharged into the vessel. 

Fig. 13  (Color online). Comparisons of aerosol scavenging efficien-
cies for different spray flow rates: a Nozzle 1 after 10-min spray (No 
mist), b Nozzle 1 after 10-min spray (High Cmist), c Nozzle 1 after 
30-min spray (No mist), d Nozzle 4 after 30-min spray (High Cmist), e 
Nozzle 4 after 30-min spray (No mist), f Nozzle 4 after 30-min spray 
(High Cmist)

◂

Fig. 14  (Color online) Comparisons of aerosol scavenging efficiencies for different spray flow rates and mist concentrations under the same 
water consumptions (120 L): a Nozzle 1 (No mist), b Nozzle 4 (No mist), c Nozzle 1 (High Cmist), d Nozzle 4 (High Cmist)
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From Fig. 11d, it can be seen that the average total aerosol 
collection efficiencies by a single droplet is generally the 
lowest, although the value for 0.2-μm aerosol particles is 
slightly higher than that of Nozzle 2. Another reason why 
the aerosol scavenging efficiency of Nozzle 4 is the lowest 
is that the volume of droplets passing through the aerosol-
containing gas is smaller during unit time due to the low 
droplet velocities; thus, the overall removed aerosol particles 
are relatively limited.

The effect of the spray nozzle on the performance of 
the water mist in improving the aerosol removal rate can 
be understood from Fig. 15. As described in Sect. 3.5, the 
smaller improvement in the aerosol collection efficiency 
with increasing aerosol particle size may be the reason for 
the lower performance of the water mist for Nozzles 2 and 4 
at low flow rates. However, with an increase in the flow rate 
(for example, 4 L/min), the improvement in the water mist 
performance for Nozzle 2 was more significant than that of 
Nozzle 4. This may have resulted from the larger increase in 
velocity for Nozzle 2, which promoted a significant improve-
ment in the aerosol collection efficiency for enlarged aerosol 
particles. When comparing the data displayed in Fig. 15 for 
Nozzles 1 and 3, which produced spray droplets with simi-
lar velocities, the improvement in the mist performance for 
Nozzle 3 was more evident. One possible reason is that the 
aerosol particles enlarged by water mist are more difficult to 

direct along gas recirculation streamlines toward the spray 
center in case of Nozzle 1 with a narrow spray angle. Addi-
tionally, it can be seen that the aerosol-mist agglomerated 
particles not only enlarge the aerosol sizes, but also improve 
the hydrophilicity of aerosols. Hence, the larger surface area 
of the accumulated water and water films in the case of Noz-
zle 3 can capture more aerosol particles during spraying. 
Therefore, considering aerosol spray scavenging for Fuku-
shima Daiichi decommissioning, widening the spray angle 
should not be adopted at the expense of the spray droplet 
velocity. It is suggested that the spray system be designed 
with a wider spray angle and the high-velocity droplets with 
proper size distributions be adopted to improve the perfor-
mance of the water mist and aerosol scavenging efficiency.

4  Conclusion

In this study, we conducted an experimental investigation to 
evaluate the effectiveness of aerosol scavenging by utiliz-
ing an appropriate spray system with pre-injection of water 
mist. Various spray configurations combined with the pre-
injection of water mist were employed within the UTARTS 
facility for this purpose. The experimental results validate 
the effect of water mist on improving the aerosol removal 
efficiency owing to aerosol-mist agglomeration. It was also 
confirmed that increasing the spray flow rate can improve 
the aerosol scavenging efficiency with less water consump-
tion because of the higher aerosol collection efficiency of 
droplets, denser droplets sprayed, and more significant gas 
recirculation to drive small aerosols to the spray region. 
Additionally, a wider spray angle can form a larger surface 
of accumulated water and water films at the bottom and side 
of the vessel, enhancing the capture of moving aerosol parti-
cles with strong inertia (for example, large aerosol particles).

Further, it was found that the spray configuration and 
droplet characteristics are important factors influencing the 
performance of water mist in improving the aerosol removal 
rate. Generally, the water mist performance can be optimized 
if a higher spray flow rate is used because of the higher aero-
sol collection efficiency of the enlarged aerosol particles. 
However, increasing the spray flow rate may also increase 
the Stokes number of the enlarged aerosol-mist agglomer-
ated particles, making it difficult to follow the recirculating 
gas streamline to the center region, thereby restraining the 
mist performance in the case of narrow-angle spray. Addi-
tionally, a wider spray angle helps broaden the surface of the 
accumulated water and water films to capture aerosol-mist 
agglomerated particles with higher wettability, thereby pro-
moting the effect of the water mist. Considering the effective 

Fig. 15  (Color online) Aerosol removal rates for different nozzles at 
different spray flow rates
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aerosol spray scavenging and high performance of the water 
mist for Fukushima Daiichi decommissioning, a spray noz-
zle capable of producing high-velocity droplets with proper 

size distributions and a wider spray angle should be designed 
and utilized. Based on the current experimental results, an 
optimal combination of droplet size, discharge velocity, 

Fig. 16  (Color online) Comparisons of aerosol scavenging efficiencies for different spray nozzles after 30-min spray: a Q = 2L/min (No mist), b 
Q = 2L/min (High Cmist), c Q = 3L/min (No mist), d Q = 3L/min (High Cmist)
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spraying space, and mist concentration may be leveraged 
to achieve effective aerosol removal for a given system 
under a fixed spray water flow rate (or fixed consumption 
of water). The results obtained from the present study are 
expected to aid in optimizing the spray system design for 
effective aerosol scavenging during the Fukushima Daiichi 
decommissioning.

A proper design of the spray system is of significant 
importance for controlling radioactive aerosols and reduc-
ing contaminated water production during the Fukushima 
Daiichi decommissioning. To attain a better understanding 
of the spray system design, experiments using laser cleaning 
of debris simulant materials as an aerosol generation source 
together with different spray configurations at different loca-
tions in the UTARTS facility will be performed. Addition-
ally, a more precise quantification of droplet characteristics, 
which is necessary for a more comprehensive evaluation and 
understanding of an efficient spray system design, will be 
performed in the near future. To further improve the aerosol-
scavenging efficiency of the spray system, experiments with 
charging systems for spray droplets, water mist, and aerosol 
particles will be conducted in the future.
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