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Radioactive aerosol will transport in the containment and also will leak into the environment
under a severe nuclear accident. Thus, it is of great significance for predicting the behavior
of aerosol under a severe nuclear accident. In order to analyze the aerosol behavior, an
improved multi-component sectional model is developed, which improves section
numbers and updates the aerosol particle density at each time step. The model’s
dependability is confirmed to use benchmark and experimental values. An excellent
agreement can be observed between simulation and benchmark. On this premise, the
LBLOCA accident is chosen to explore the behavior of radioactive aerosol in the
containment. The finding shows that the aerosol is mostly deposited on the structure’s
surface due to gravity in the LBLOCA accident. According to a comparison of the influence
of aerosol natural deposition mechanisms on the distribution of diameter particles,
Brownian diffusion, thermophoresis, diffusiophoresis, and gravity all have an effect on
aerosol in the range of 0.01 μm–0.03 μm particles, and the deposition of 2 μm–20 μm
particles is mainly due to gravity. After comparing and evaluating the influence of aerosol
density in the containment, it can be inferred that changed aerosol particle density leads
aerosol particles coagulate into larger particles.
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INTRODUCTION

After the Fukushima accident, the study of severe accidents (SA) has gained more international
attention (Wittneben, 2012). In a hypothetical nuclear power plant severe accident, the release of
radioactive fission products can occur from the core fuel, the fuel-cladding gap, and the material in
the cavity. The fission product released by core melting will leak into the containment through the
primary system break, and if the accident deteriorates further, it will lead to containment failure,
resulting in radioactive fission products being released into the environment (Allelein et al., 2009;
Lin, W. et al., 2014). Radioactive fission products exist as gases, aerosols, or deposited onto heat
structure, and the most radioactive fission products within the containment are transported with the
movement of the aerosol (Soffer et al., 1995). Aerosol particles released into the containment will
change due to collisions between particles, and some of the aerosol particles will deposit onto the
containment heat structure because of temperature, density, diffusion, and gravity (Raj Sehgal, 2012).
Otherwise, the detailed aerosol property is necessary to calculate the radioactive aerosol removal
efficiency of engineered safeguards, such as the spray system and the filtration system (Porcheron
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et al., 2008; Rýdl et al., 2019; Wang et al., 2021). Therefore, it is
significant to study the radioactive aerosol distribution and the
radioactive aerosol behavior under a severe nuclear accident.

In the past research studies, many researchers have developed
codes to study the behavior of the radioactive aerosol. For
instance, Klinik et al. (2010) used the integrated program
ASTEC to perform transient simulations of thermal-hydraulic
phenomena and aerosol behavior in tests on containment systems
of different sizes, such as the Phebus. The FP containment bench,
the KAEVER containment bench, and the Battelle containment
bench obtained good simulation results. For the deposition and
coagulation behavior of aerosols in a nuclear reactor,
Alipchenkov et al. (2009) have developed a code for
calculating the behavior of aerosol-shaped fission products in
the primary circuit of a nuclear reactor, which focuses on the
development of models for predicting the deposition and
coagulation rate of aerosols. There are also many numerical
studies to solve the aerosol general dynamic equation, such as
the sectional method (Gelbard and Seinfeld, 1980), the moment
method (Wang et al., 2019), the discrete-sectional method (Li and
Cai, 2020), and the Monte Carlo method (Bird, 1994; Liu and
Chan, 2018). The sectional method is commonly used to describe
the multicomponent aerosol dynamic behavior in the nuclear
power plant. Because the sectional method requires the number
of sections and the boundary of the section is fixed, this model
also is called the fixed section model. MAEROS code developed
based on the sectional method is widely used in the accident
analysis program (Gelbard, 1982), such as MELCOR (Humphries
et al., 2017) and CONTAIN (Murata et al., 1997). MAEROS is a
multi-sectional, multi-component aerosol dynamic code that
evaluates the size distribution of each type of aerosol mass, or
component, as a function of time. MAEROS code also will
deal with deposition processes of the radioactive aerosol. In
the MAEROS code, the radioactive aerosol particles are
allocated into fixed sections by particle volume, and the
composition of the aerosol particles in the same section is
considered uniform.

This sectional method discussed previously has fixed a section
boundary and constant section number, and the aerosol particle
density is constant by the input data. As known, when the reactor
core begins melting in a severe accident, the radioactive aerosol
source will continuously change along with the development of
the accident, and the radioactive aerosol components released
from the reactor core are also different. Moreover, the radioactive
aerosol coagulation behavior and deposition behavior will change
the components of radioactive aerosol. Thus, the radioactive
aerosol density is closely associated with the deposition
behavior and coagulation behavior. In the MAEROS code, in
order to simplify the coefficients, it restricts the maximum section
number. The geometric constraint is vl+1/vl > 2, where vl is the
radioactive aerosol particle volume at the lower boundary of
section l. vl+1 is the radioactive aerosol particle volume at the
upper boundary of section l + 1. The fixed section model cannot
improve the calculation accuracy and get more detailed
radioactive aerosol distribution by increasing the section
number. In a word, the traditional sectional method has some
drawbacks which need to increase the section number and update

the radioactive aerosol density to simulate multi-component
radioactive aerosol behavior during severe accidents.

The objective of this research first proposes an improved
multi-component sectional method to simulate aerosols under
severe accident. Then, the improved model is verified and
validated by the benchmark and experiment. Furthermore, this
research investigates the distribution of CsI aerosol under the
LBLOCA accident and the effect of the natural deposition
mechanism and aerosol density on the aerosol distribution.

MATHEMATICAL METHOD

Aerosol Dynamic Models
The spatial and chemical composition of the particles are
represented by the size distribution function n(v, t), where
n(v, t)dv is the number of particles in the particle range
[v, v + dv] and the number of particles in the volume range v
to v + dv. The collide and coagulate are described by the general
particulate conservation (Gelbard and Seinfeld, 1978).

zn(v, t)
zt

� − z

zv
[I(v, t)n(v, t)] + 1

2
∫v

0
β(u, v − u)n(u, t)n(v − u, t)du

−n(v, t)∫∞

0
β(v, u)n(u, t)du + S(v, t) (1)

where I(v, t) is the rate of change of the particle volume due to
mass exchange with the liquid phase. β(v, u) is the coagulation
coefficient for particles of volumes v and u. S is the net increase
rate of particles flowing into the system.

By discretizing the aerosol particles into m sections and s
components, the mass of the section l at a given time is defined
as Ql:

Ql(t) � ∑
k�1
s

Ql,k(t) � ∫
vl−1

vl

vn(v, t)dv (2)

where Ql,k(t) is the mass of the component k in the section l. vl
and vl−1 are the upper and lower boundaries of the section l,
respectively. n(v, t) is the distribution function of the section l; the
mass concentration change rate for the component k of the
aerosol particle in the section l can be written as the following
equation (Gelbard and Seinfeld, 1980).

dQl,k(t)
dt

� 1
2
∑

i�1
l−1 ∑

j�1
l−1[1a�βi,j,lQj,kQi + 1b�βi,j,lQi,kQj]

−∑
i�1
l−1[2a�βi,lQiQl,k − 2b�βi,lQlQi,k] − 1

2
3�βl,lQlQl,k

−Ql,k ∑
i�l+1
m 4�βi,lQi + �Sl,k − �Ψl,kQl,k

(3)

where dQl,k(t)/dt is the aerosol mass change rate of the
component k in the section l at a time t, 1a�βi,j,l,

1b�βi,j,l is
agglomeration rata of particles in section i and section j to
form a particles in section l, 2a�βi,l is agglomeration rata of
particles in section i and section l to form a particle larger
than section l, 2b�βi,l is agglomeration rata of particles in
section i and section l to form a particle in section l, 3�βl,l is
agglomeration rata of particles both in section l to form a particle
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in section l, 4�βi,l is agglomeration rata of particles in section l and
section i (i> l). The coagulation coefficient of the traditional
sectional method is shown in Table 1. �Sl,k is the source of
the component k of the aerosol particle in section l. �Ψl,k is the
aerosol removal rate of component k of the aerosol particle in
section l.

Moreover, the first and second terms in the right of Eq. 3
indicate the flux of the radioactive aerosol component k into the
size section l from the lower size sections by coagulating with each
section. The third term represents the flux of the component k out
of the section l due to the coagulation of particles within the
section l. For l<m in the fourth term, the flux of the component k
leaves section l by coagulation of particles within the section l and
those of higher sections. The fifth term represents the source term
of the component k in the section l entering the containment. The
sixth term is the removal flux of the component k in the section l
by a natural settlement mechanism. The detailed theory of the
natural settlement mechanism is as follows.

Aerosol Removal Models
For the calculation of the deposition term in this study, gravity,
Brownian diffusion, thermophoresis, and diffusiophoresis are
considered for each heat structure surface of the containment,
and the removal rate of all heat structure surfaces is added up to the
total removal rate (Murata et al., 1997; Humphries et al., 2017).

�Ψl,k � ∑Nstr

j�1 λj,lQl,k (4)

whereNstr is the total number of heat structure surfaces for aerosol
deposition in the control volume, and λj,l is the deposition rate for
the heat structure j for the aerosol section l. The natural deposition
coefficients can be calculated by using the deposition velocity.

λj,l � Aj

V
(vs + vdiff + vtherm + vdiffusio) (5)

where Aj is the area of the heat structure surface j, and V is the
control volume atmosphere volume. The velocity of aerosol
deposition on a heat structure surface is defined as follows.

Gravitational Deposition

vs �
d2
pρpgCm

18μχ
(6)

where vs is the gravitational deposition velocity, dp is the particle
diameter, ρp is the particle density, Cm is the Cunningham slip
correction factor, μ is the viscosity of air, χ is the dynamic shape
factor, and g is the acceleration of gravity.

The Cunningham slip correction factor in Eq. 6 is expressed as
follows.

Cm � 1 +NKn[1.257 + 0.4 exp( − 1.1
NKn

)] (7)

Here, NKn is the Knudsen number 2λ/dp, and λ is the mean-free
path of gas.

The gravitational deposition is effective for upward surfaces, such
as the floor and pool. As for the downward surface, this mechanism
will not act on it. Also, one basic hypothetical condition of thismodel
is that the aerosol particle Reynolds number must be less than 1,
which means that inertial effects of the flow may be neglected.

Brownian Diffusion
Brownian diffusion of aerosols refers to the deposition of aerosols
due to mutual collision between the aerosol and the heat structure
surface. The deposition velocity because of Brownian diffusion is
defined as follows.

vdiff � σTCm

3πμχdpΔ
(8)

where vdiff is the diffusion deposition velocity, σ is Boltzmann
constant, T is atmosphere temperature, and Δ is the diffusion
boundary layer thickness.

Thermophoresis
Thermophoresis is caused by the temperature gradient between
the aerosol particles and heat structure surface, and the aerosol
particles will deposit on the object surface at a lower temperature.
The thermophoretic deposition velocity is defined as follows.

vtherm �
3μCm(ctNKn + kgas

kp
)

2μρgasT(1 + 3FslipNKn)(1 + 2ctNKn + kgas
kp
)∇T (9)

where kgas/kp is the ratio of the air thermal conductivity to
aerosol thermal conductivity, ∇T is the structure
surface temperature gradient, ρgas is the gas density, T is
the wall temperature, Fslip is the slip factor, and ct is the constant
associated with the thermal accommodation coefficients.

TABLE 1 | Coagulation coefficients (Gelbard and Seinfeld, 1980).

Symbol Remarks Coefficient

1a�βi,j,l
1a�βi,j,l ≠

1a�βj,i,l ∫xi
xi−1

∫xj
xj−1

θ(vl−1 < u+v < vl )uβ(u,v)
uv(xi−xi−1 )(xj−xj−1 ) dydx

1a�βi,j,l � 1b�βj,i,l
1< l ≤m
1≤ i < l
1≤ j < l

1b�βi,j,l
1b�βi,j,l ≠

1b�βj,i,l ∫xi
xi−1

∫xj
xj−1

θ(vl−1 < u+v < vl )vβ(u,v)
uv(xi−xi−1)(xj−xj−1 ) dydx

1b�βi,j,l � 1a�βj,i,l
1< l ≤m
1≤ i < l
1≤ j < l

2a�βi,l
2a�βi,l ≠

2a�βl,i ∫xi
xi−1

∫xj
xj−1

θ(u+v > vl )uβ(u,v)
uv(xi−xi−1 )(xj−xj−1 )dydx

1< l ≤m
1≤ i < l

2b�βi,l
2b�βi,l ≠

2b�βl,i ∫xi
xi−1

∫xj
xj−1

θ(u+v < vl )vβ(u,v)
uv(xi−xi−1 )(xj−xj−1 )dydx

1< l ≤m
1≤ i < l

3�βl,l 1≤ l ≤m ∫xl
xl−1

∫xl
xl−1

θ(u+v > vl )(u+v)β(u,v)
uv(xl−xl−1 )2 dydx

4�βi,l
4�βi,l ≠

4�βl,i ∫xl
xl−1

∫xl
xl−1

uβ(u,v)
uv(xi−xi−1 )(xl−xl−1 )dydx

1≤ l <m
i < i ≤m

Frontiers in Energy Research | www.frontiersin.org March 2022 | Volume 10 | Article 8525013

Yuan et al. Application of an Aerosol Model

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Diffusiophoresis
The diffusiophoresis process is also as known as a vapor
condensation process. When the vapor condenses on the
surface of the heat structure surface, composition gradients will
exist in the adjacent gas, which will affect aerosol deposition
behavior on the surface. The aerosol particles will remove along
with the concentration gradient, which is caused by vapor
condensation on the heat structure surface.

vdiffusio � ( ���
Ms

√
Xs

���
Ms

√ +XNC

�����
MNC

√ )(Wcond

ρs
) (10)

whereMs is the molecular weight of water,MNC is the molecular
weight of non-condensable gases,Wcond is the condensation mass
flux to the surface, ρs is the density of bulk gas, Xs is the mole
fraction of water vapor in the bulk gas, and XNC is the mole
fraction of non-condensable gases in the bulk gas.

Improvement of the Multi-Component
Sectional Method
The agglomeration kernels of the four mechanisms are proposed
in the study by Humphries et al. (2017).

βB � 2π(Di +Dj)(γidi + γjdj)
F

(11)

βS � εg
π

4
Cs(γidi + γjdj)2∣∣∣∣vs,i − vs,j

∣∣∣∣ (12)

βT1 �
�����
π2εt
120vg

√
Cs(γidi + γjdj)3 (13)

βT2 �
0.04029ρ1/4g ε3/4t

μ5/4g

Cs(γidi + γjdj)2∣∣∣∣∣∣∣∣∣ρiCid
2
i

χi
− ρjCjd

2
j

χj

∣∣∣∣∣∣∣∣∣ (14)

where d is the aerosol particle diameter, γ is the agglomeration
shape factor, F is the correction coefficient, Cs is the aerosol
particle sticking coefficient, and εg is the collision efficiency,
which is defined below.

εg � 1.5⎡⎢⎣min(di, dj)(di + dj) ⎤⎥⎦2 (15)

where vs is the settling velocity of the gravitational mechanism,
which is defined as

vs � ρigd
2
i Ci

18μgχi
(16)

where ρ is the particle density, g is the acceleration of gravity, μg is
the gas viscosity, χi is the dynamic shape factor, and C is the
Cunningham slip correction factor in Eq. 7. D is the particle
diffusivity, which is defined as

D � kTg

3πdμgχ
C (17)

According to the traditional section method, if the coagulation
coefficient is resolved at each time step, it will waste the
computation time. Therefore, it is necessary to simplify the
calculation process of the coagulation coefficient.

Such as 1a�βi,j,l in Table 1, it can be written as

1a�βi,j,l � ∑
n

∫
xi−1

xj ∫xj

xj−1

θ(vl−1 < u + v< vl)uβn(u, v)
uv(xi − xi−1)(xj − xj−1) dydx (18)

where the subscript n represents the agglomeration mechanisms.
According to Eq. 11, the variable related to the aerosol particle
density is separated from the double integral sign in Eq. 18. The
Brownian agglomeration can be further written as

1a�βB,i,j,l �
ρpj
ρj

∫xj

xi−1
∫xj

xj−1

θ(vl−1 < u + v< vl)uβpB(u, v)
uv(xi − xi−1)(xj − xj−1) dydx

� kB ∫
xi−1

xj ∫xj

xj−1

θ(vl−1 < u + v< vl)uβpB(u, v)
uv(xi − xi−1)(xj − xj−1) dydx

(19)
where the superscript p represents the standard agglomeration
coefficients and density. By analogy, the gravitational agglomeration
can be written as

1a�βS,i,j,l �
∣∣∣∣∣∣∣∣∣∣∣∣∣ρiρ

p
j

ρpi ρj
∫xj

xi−1
∫xj

xj−1

θ(vl−1 < u + v< vl)uβpS(1)(u, v)
uv(xi − xi−1)(xj − xj−1) dydx

+ρjρ
p
j

ρpjρj
∫xj

xi−1
∫xj

xj−1

θ(vl−1 < u + v< vl)uβpS(2)(u, v)
uv(xi − xi−1)(xj − xj−1) dydx

∣∣∣∣∣∣∣∣∣∣∣∣∣
�
∣∣∣∣∣∣∣∣∣∣ks1 ∫xj

xi−1
∫xj

xj−1

θ(vl−1 < u + v< vl)uβpS(1)(u, v)
uv(xi − xi−1)(xj − xj−1) dydx

+ks2 ∫xj

xi−1
∫xj

xj−1

θ(vl−1 < u + v< vl)uβpS(1)(u, v)
uv(xi − xi−1)(xj − xj−1) dydx

∣∣∣∣∣∣∣∣∣∣∣∣∣ (20)

The turbulent agglomeration can be written as

1a�βT1,i,j,l � ⎛⎝ρg
ρpg
⎞⎠0.5

ρpj
ρj

∫xi

xi−1
∫xj

xj−1

θ(vl−1 < u + v< vl)uβpT1(1)(u, v)
uv(xi − xi−1)(xj − xj−1) dydx

� kt1 ∫xi

xi−1
∫xj

xj−1

θ(vl−1 < u + v< vl)uβpS(1)(u, v)
uv(xi − xi−1)(xj − xj−1) dydx (21)

1a�βT2,i,j,l �
∣∣∣∣∣∣∣∣∣∣∣∣∣⎛⎝ρg

ρpg
⎞⎠0.25

ρiρ
p
j

ρpi ρj
∫xi

xi−1
∫xj

xj−1

θ(vl−1 < u + v< vl)uβpT2(1)(u, v)
uv(xi − xi−1)(xj − xj−1) dydx

+⎛⎝ρg
ρpg
⎞⎠0.25

ρjρ
p
j

ρpjρj
∫xi

xi−1
∫xj

xj−1

θ(vl−1 < u + v< vl)uβpT2(1)(u, v)
uv(xi − xi−1)(xj − xj−1) dydx

∣∣∣∣∣∣∣∣∣∣∣∣∣
�
∣∣∣∣∣∣∣∣∣∣∣∣∣kt2(1) ∫

xi

xi−1
∫xj

xj−1

θ(vl−1 < u + v< vl)uβpS(1)(u, v)
uv(xi − xi−1)(xj − xj−1) dydx

+kt2(2) ∫xi

xi−1
∫xj

xj−1

θ(vl−1 < u + v< vl)uβpS(1)(u, v)
uv(xi − xi−1)(xj − xj−1) dydx

∣∣∣∣∣∣∣∣∣∣∣∣∣ (22)

According to the above equation, the standard agglomeration
coefficients are only calculated before the iterative process.
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The coefficients of kB, ks1, ks2, kt1, kt2(1), and kt2(2) need an
update at every time step. Therefore, the aerosol model is
developed based on the aforementioned work. The flow chart
of the radioactive aerosol analysis is shown in Figure 1, where
t is time, Δt is the time step, l is the section number, m is the
total section number, ρp is the radioactive aerosol particle
density, vl is the lower boundary of the section l, and vl+1 is the
upper boundary of the section l. Detailed information for
calculating the coagulation coefficient is discussed in the
study by Gelbard (1982). The radioactive aerosol density is
updated at each time step. The Runge–Kutta integration
methods are adopted to numerically solve the equation
and update the radioactive aerosol conditions.

VERIFICATION AND VALIDATION OF THE
MODEL

The aerosol model is validated by comparison with the
benchmark, including two different coagulation problems and
two different coagulation problems combined with deposition
problems (Shaker et al., 2012). The aerosol model next is verified
with the STORM experiment (Castelo et al., 1999), in which the
main objective is to ensure the aerosol behaviors.

Validation With the Benchmark
Benchmark 1: Constant coagulation rate
[β(u, v) � constant, �Ψ � 0]
It is assumed that the coagulation rate is constant, and the
deposition rate and source term are zero. The exact solution is
as follows.

n(v, t) � 4N0

vm0(2 +N0βt) exp − 2
vm0(2 +N0βt) v (23)

whereN0 is the total initial number of particles per unit volume,
and vm0 is the initial mean volume of particles present in the
distribution.

Benchmark 2: Linear coagulation rate
[β(u, v) � β1(u + v), �Ψ � 0]

n(v,t) �N0(1−T1)
v

���
T1

√ exp(−(1+T1)( v

vm0
))I1(2( v

v0
) ���

T1

√ ) (24)
T1 � 1 − exp(−τ2) (25)

τ2 � N0βv0t (26)

Benchmark 3: Constant coagulation rate and a
constant deposition rata [β(u, v) � constant
and �Ψ � constant]

n(v, t) � GN0

vm0
exp( − G

v

vm0
) (27)

G �
N + 2λ0

β

N0 + 2λ0
β

(28)

N � 2λ0
β

exp(−λ0t)(1 + 2λ0
βN0

) − exp(−λ0t) (29)

Benchmark 4: Linear coagulation rate and a
constant deposition rata [β(u, v) � β1(u + v)
and �Ψ � constant]

n(v,t) �
N0Texp(T−1

θ
)

v0( v

v0
) ��

g
√ exp(−(1+g)( v

v0
))I1(2( v

v0
) ��

g
√ ) (30)

FIGURE 1 | Flow chart of the model.
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T � exp(−θτ) (31)
g � 1 − exp(T − 1

θ
) (32)

θ � λ0
N0v0β

(33)

The error value for the radioactive aerosol number of different
section numbers between numerical and exact solutions to the
equation GED is less than 10−3, as shown in Figure 2. The
number of sections is selected as 20, 50, 100, and 300. The initial
number of the radioactive aerosol number is 1 × 1010. By
calculating the error value for chosen sections, the errors in
the four selected sections gradually decreased. The error value
is the least one when dividing the radioactive aerosol particle into
300 sections, as shown in Figure 2. It is mainly due to the effective
reduction of the assumed initial distribution function when
the number of sections increases. Therefore, the appropriate
number of sections can be selected in the numerical
simulation to reduce the error between the simulation values
and the exact solution.

The error value for the radioactive aerosol number of different
initial particles between the numerical and exact solutions to the

equation GDE is less than 10−3, as shown in Figure 3. The initial
radioactive aerosol particle concentration is selected as 1010/m3,
1011/m3, and 1012/m3. The section number of radioactive aerosol
is 200 sections. By comparing the influence of different initial
particles on the error, it appears that the error increases with the
increasing initial radioactive aerosol particles, as shown in
Figure 3.

The distribution of the radioactive aerosol particle number is
presented in Figure 4. The initial radioactive aerosol particle
number is 1010/m3. The radioactive aerosol particles are divided
into 200 sections. Figures 4A,B depict the radioactive aerosol
particles distribution of different coagulation kernels at 0 and
24 h, respectively. This is because a smaller radioactive aerosol
particle when coagulated with a larger radioactive aerosol particle
will form a new bigger radioactive aerosol particle. This leads
radioactive aerosol particles to move from a less section to a larger
section. The radioactive aerosol particles move to the larger
section obviously in benchmark 1. Figures 4C,D show the
radioactive aerosol particle distribution with deposition at 0
and 24 h, respectively. It shows that radioactive aerosol
particle deposition has a significant impact on the behavior of
radioactive aerosol in nuclear power plants.

FIGURE 2 | Error value for the number of radioactive aerosols for the different sections. [(A), Constant coagulation kernel; (B), linear coagulation kernel; (C),
constant coagulation kernel and the constant deposition rate of particles; and (D), linear coagulation kernel and the constant deposition rate of particles].
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Verification With the Experiment
The STORM-SR11 test from the International Standard Problem
40 (ISP-40) is selected for aerosol model validation. The
experiment consisted of two phases: the first focusing on
deposition due to natural deposition mechanisms and the
second on the resuspension process of aerosols under
conditions of increased airflow. This study focuses on the first
phase for validation.

Figure 5 shows a schematic diagram of the STORM test
facility. The test section is a 5.0055 m long straight tube with an
internal diameter of 63 mm made of stainless steel. In the
deposition test, the supplied carrier gas and aerosol are mixed
in a mixing tank and flow into the test section, where the
exhaust from the test section is connected to a cleaning and
filtration system. The aerosol used is tin oxide (SnO2), and the
carrier gas is a mixture of nitrogen, steam, argon, helium,
and air.

The constant mass flow rate of the aerosol in the test is 3.83 ×
10–4 kg/s. Assuming that its initial distribution follows a log-
normal distribution, the number distribution particle size f(d) is
defined as follows.

f(d) � 1

d ln σg

���
2π

√ exp[ − 1
2
(ln d − ln dg

ln σg
)2] (34)

where dg � lnd is the geometric mean diameter. ln σg �
[[ln d − ln dg]2]1/2 is the standard geometric deviation. d is the
particle diameter. The aerosol distribution in the initial state is
shown in Figure 6.

The time of the numerical simulation is the same as the
experiment time of 9,000 s. Figure 7 shows the comparison
between the simulated results and the experiment values.
There are three distinct peaks, which are located at 1.02, 3.27,
and 4.36 m. The maximum measured peak value is 0.292 kg/m2.
The peak of the measured values in the experiment is caused by
the uneven surface of the test pipe joints. The simulated results
and the measured values of the smooth pipes agree very well, and
they all show a constant decrease in the aerosol mass along the
pipe. Table 2 depicts the deposition mass of the simulated and
measured values. The deposition mass changes with the number
of nodes. As the number of nodes increases, the error between the
simulated value and the measured value also decreases, which
gave the minimum error 6.19%.

FIGURE 3 | Error value for the number of radioactive aerosols for different initial particle numbers. [(A), Constant coagulation kernel; (B), linear coagulation
kernel; (C), constant coagulation kernel and the constant deposition rate of particles; (D), linear coagulation kernel and the constant deposition rate of
particles].
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APPLICATION OF THE AEROSOL MODEL
UNDER SEVERE ACCIDENT

Accident Sequences
In this research, an LBLOCA accident is selected to study the
particle distribution and behavior of aerosols, with a breach
diameter of 50 cm and a breach location in the hot leg. To
maximize the release rate of aerosols under accident
conditions, all safe injection systems in the primary system are
shut down. The sequence of events is shown in Table 3, the
pressure vessel failing at 5,489 s.

According to the source term evaluation results after the
Fukushima accident, when a serious accident occurs, the
monitoring data for I131, Cs134, and Cs137 are the most
nuclides, and they are also the widely important nuclides in
the radiation evaluation. The air source term of I131 is 60–390
PBq, the air source term of Cs134 is 15–20 PBq, and the air source
term of Cs137 is 5–50 PBq, after the accident (Bois et al., 2014;
Cervone and Franzese, 2014; Koo et al., 2014). Therefore, this
study focuses on the fission product CsI. Figure 8 shows the
variation of the mass of CsI aerosols with time for the accident
sequence. The aerosol starts to increase at 8 s due to core
exposure; when the temperature exceeds the melting

temperature at 1,664 s, the core starts to melt and the aerosol
release rate starts to increase dramatically and reaches a peak,
with a small increase at 5,489 s due to pressure vessel failure.

As the accident proceeds, the aerosol mass will peak at 2,000
and 6,710 s. Figure 9 shows the distribution of the aerosol mass at
2,000, 6,710, and 10,000 s. According to the mass distribution, the
CsI aerosol particles mainly concentrated at 0.41 um. The mass of
the CsI aerosol mass at 2,000 s is maximum in the containment,
as shown in Figure 8, and the max aerosol mass in Figure 9 is
2 kg. When the pressure vessel failure is at 5,489 s, the CsI aerosol
mass rises again and reaches a maximum at 6,710 s, in which the
max aerosol particle mass is 1.43 kg. At the end of the calculation,
the CsI aerosol mass drops to 1.22 kg. It can also be seen that
according to Figure 9, the distribution of the CsI aerosol mass is
declining with the accident process.

Effect of the Natural Deposition on Aerosols
The natural deposition is the primary removal mechanism of
aerosols. Thus, the effect of different natural deposition on
aerosols is important. As shown in Figure 10, at the end of
the simulation, gravity accounts for 54% of the total deposition
mass, thermophoresis 28%, diffusion 3%, and Brownian diffusion
15%. Comparing the natural deposition mass of aerosols under

FIGURE 4 | Distribution of radioactive aerosol particles. [(A), constant coagulation kernel; (B), linear coagulation kernel; (C), constant coagulation kernel and the
constant deposition rate of particles; (D), linear coagulation kernel and the constant deposition rate of particles].
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the accident conditions, gravitational effect is more than the other
three deposition mechanisms.

Different deposition mechanisms can also have an impact on
aerosol particle distribution. Figure 11 shows the effect of the
different mechanisms on the aerosol particle. As can be seen from
the figure, the natural deposition mechanism has a certain impact
on the particles between 0.01 μm and 0.03 μm and has an obvious
effect on the particle gravity between 2 μm and 20 μm, especially

FIGURE 5 | STORM experimental facility (Castelo et al., 1999).

FIGURE 6 | Initial aerosol distribution.
FIGURE 7 | Aerosol deposition along with the test pipe.

TABLE 2 | The deposited mass.

Number of nodes Deposition mass (g) Error (%)

5 135.74 16.21
20 147.22 9.12
100 151.13 6.71
500 151.97 6.19
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because the excessive gravity will increase, leading to the removal
of large-diameter particles.

Influence of the Aerosol Particle Density
In this section, the influence of the radioactive aerosol particle
density of a seven-component problem is discussed. The detailed
density of the seven components is listed in Table 4. The initial
components’ mass concentration and the initial radioactive

aerosol particle numbers are shown in Figure 12. The different
line types represent different component mass distribution and the
radioactive aerosol particle number distribution. CsI is defined as
component 1, UO2 as component 2, H2O as component 3, Te as
component 4, B2O3 as component 5, Cd as component 6, and Pb as
component 7. Number distribution is the axis on the left. Other
curves are the axis on the right.

The particle number and component mass distribution in the
presence of the aerosol coagulation process have been tabulated in
Figures 13, 14. The difference in the radioactive aerosol particle
number distribution can be seen in Figure 13. The aerosol
particle number of the fixed density peaks at 0.45 μm, but the
aerosol particle number of the changed density peaks at 0.65 μm.
Therefore, the distribution of the changed density moves to
larger particles, where the aerosol particle number decreases
16% relative to the fixed density. Figure 14 depicts the effect

TABLE 3 | Sequence of events.

Main events Time/s

Reactor scram 0.4
Core uncover 8.4
Core begins to melt 1664.8
Relocation of core materials to the lower head started 2198.3
RV failed 5489.7
Program terminated 10000

FIGURE 8 | Change of the CsI aerosol mass with time.

FIGURE 9 | Distribution of the CsI aerosol mass.

FIGURE 10 | Natural deposition of the CsI aerosol within the
containment.

FIGURE 11 | Effect of the deposition mechanism on the distribution of
aerosol diameter particles.

Frontiers in Energy Research | www.frontiersin.org March 2022 | Volume 10 | Article 85250110

Yuan et al. Application of an Aerosol Model

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


of different densities on the seven components’, mass distribution.
The mass distribution of seven components increases as the
radioactive aerosol particles coagulate into bigger aerosol
particles. The aerosol particle mass of the fixed density peaks at
0.63 μm, and the aerosol particle mass of the changed density peaks

at 0.80 μm. So we can conclude that the density has a great
influence on the multicomponent aerosol particle distribution.

CONCLUSION

This research adopts the improved multi-component aerosol
sectional model to analyze the behavior of radioactive aerosol
under severe accidents, which considers coagulation, deposition,
and source term. The development model has demonstrated
encouraging accuracy throughout the validation with the
benchmark and experiment. The simulation result has a good
agreement with the benchmark, where the error is less than 10−3.
The comparison with the STORM experiment also has a satisfied
result. The sensitivity analysis of the section number shows that the
appropriate number can effectively improve the simulation error.

Furthermore, according to the analysis under the LBLOCA
accident, gravity deposition is the main deposition method in the
aerosol deposition mechanism, accounting for 54% of the total
deposition. The natural deposition mechanism affects the
particles in the 0.01 μm–0.03 μm, and for the aerosol particles
in the 2 μm–20 μm, gravity has a significant influence on it.
Otherwise, compared to the influence of different densities on
the aerosol distribution at the end of the study, it shows that the
fixed density is significantly different from the changed
density. The changed density will lead aerosol particles to
move to bigger sections. The results of this study can be used
to predict the behavior of radioactive aerosols in the

TABLE 4 | Component densities.

Component Density (kg/m3)

Uranium oxide (UO2) 10970
Water (H2O) 1000
Tellurium (Te) 6240
Cadmium (Cd) 8650
Lead (Pb) 11340
Cesium iodide (CsI) 4510
Boron oxide (B2O3) 2550

FIGURE 12 | Initial aerosol distribution.

FIGURE 13 | Effect of different densities on the aerosol particle number
distribution.

FIGURE 14 | Effect of different densities on the componentmassdistribution.
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containment under severe nuclear accidents and provide a
basis for emergency measures. Further optimization and
improvement will be made for the problems existing in
this model, containing the influence of the temperature on
the aerosol behavior.
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