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ARTICLE INFO ABSTRACT
Keywords: Pool scrubbing process is an important measure to minimize the radioactive material release in the containment.
Decontamination factor Decontamination factor describes the efficiency of aerosol removal in the pool scrubbing process and requires

Swarm flow
Residence time
Particle removal

reliable modelling and prediction. In the existing aerosol retention code, conventional approaches are applied,
which rely on the deposition velocity of particles at the interfacial area. During the pool scrubbing process, both
gas bubble topology and movement show a strong dynamic behaviour and cannot be well described using simple
models. This leads to a big deficiency in reliable modelling of the decontamination factor. To overcome this
difficulty, a new approach is introduced in this paper to model the decontamination factor based on the statistical
treatment of the residence time of bubbles in the liquid pool as well as the residence time of particles inside
bubbles. Two different groups of CFD simulations are carried out to investigate the bubble behaviour in the water
pool and the particle transportation inside bubbles, respectively. The numerical results achieved so far indicate
that the probability density functions of both bubble removal and particle removal can be well represented with
simple exponential decay functions. Thus, the good feasibility of the new modelling approach is successfully

confirmed.

formed, also called globules. In their rising paths, globules break up into

small bubbles. This happens in the transition region, which takes nor-
1. Introduction mally a short distance. In the following swarm flow region, bubbles with

small diameters (swarm bubbles) rise upward, reach the upper surface of

During a severe accident (SA) in nuclear power plants with water water pool and, subsequently, escape from the water pool.

cooled reactors, radioactive aerosols escape from the molten fuel in the The swarm flow is characterized with 3-dimensional natural circu-
primary loop, where they are mixed with water and non-condensable lation with recirculation zones, driven by drag force and buoyancy force.
gases and released into the containment or in a foreseen water pool. Studies showed that the particle removal in the swarm flow region plays
When the gas mixture goes through a water pool, part of the aerosol the most important role in the entire pool scrubbing process (Lee and
particles will be washed down and remain in the water pool. The rest Cho, 2019). In general, the decontamination factor of particles inside a
aerosol particles escape into the gas room of the containment. This bubble with surface area A and volume V can be analytically determined
process is called pool scrubbing. The parameter decontamination factor by the following equation:
(DF) is introduced to quantify the efficiency of the wash down process
and defined as the ratio of the aerosol mass entering the water pool to .
the aerosol mass leaving the water pool (Herranz et al., 1996): an f,\ max{tn —tg.0}edAsdt

DF =e 2
pF = M @) @

Moyt

Here u, is the normal velocity directed to the interface, u¢ is the critical
normal velocity, above which particle can penetrate the liquid. The main
difficulty in calculating the decontamination factor is the determination
of the normal velocity of the particle at the interface. In the swarm flow
region, two extremely challenging issues need to be addressed. Firstly,

Fig. 1 shows schematically the important patterns in a pool scrubbing
process. During a pool scrubbing process, flow can be divided into three
regions, i.e. injection region, transition region and swarm flow region.
As the gas mixture is injected into the water pool, large gas bubbles are
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Fig. 1. Important flow patterns in a pool scrubbing process.

the movement of particles inside gas bubbles and their removal at the
interfacial area. Various phenomena make contribution to the particle
removal, e.g. centrifugal deposition, gravitational sedimentation, phase
change and diffusion (Mei and Cheng, 2023). An accurate description of

Nomenclature t, exposure time of the moving surface (s)
u effective rising velocity of bubbles (m/s)
A bubble surface area (m?) ug velocity contribution from Brown diffusion (m/s)
a major axis of elliptic bubble (m) up bubble velocity vector (m/s)
Acelt cell area in each cell (m?) uc critical normal velocity (m/s)
b minor axis of elliptic bubble (m) U velocity contribution from centrifugal deposition (m/s)
BDF bubble deformation factor (—) Ug velocity contribution from gravitational sedimentation
Chmi correction factor (—) (m/s)
Chni cunningham slip correction factor (—) Uy normal velocity directed to the interface (m/s)
CPD cells per bubble diameter (—) Upp normal velocity of the particle relative to the interface (m/
D pool diameter (m) s)
Dg bubble diameter (m) U local surface velocity (m/s)
D, equivalent diameter (m) u, velocity contribution from phase change (m/s)
D; diffusion coefficient (—) uy water velocity vector (m/s)
dp particle diameter (m) 1% bubble volume (m®)
DF decontamination factor (—) Wy z-velocity of air in the global coordinate system (m/s)
Fp additional forces for discrete bubble (kg o m/s?) We Weber number (—)
F; probability of bubbles in group i (—) We, critical particle Weber number (—)
8.8 gravitational acceleration (m/s%) Wep particle Weber number (—)
H pool height (m) Xne mass fraction of non-condensable gases (—)
h water depth (m)
ho submergence height (m) Greek symbols 1
Ry injection height (m) ag decay constant for bubble removal (s )
kg Boltzmann constant (—) g void fraction (-)
M total number of data points (—) ap decay constant for particle removal s™H
me mass of bubble (kg) u gfis dynz.imic visco?’sity (kg/(m e s))
m; air mass flow rate in each cell (kg/s) Pg air density (kg/m>)
Min aerosol mass entering the water pool (kg) PB bubble density (kg/m®)
Mout aerosol mass leaving the water pool (kg) Pp particle density (kg/m?)
N particle number (—) Pw water density (kg/m®)
No initial total particle number (—) surface tension (N/m)
N; equivalent bubble number of each cell (-) T bubble residence time (s)
Py probability density function for bubble removal (s™1) Tr relaxation time (s)
P.p probability density function for particle removal s Subscripts
Q gas volume flow rate (L/s) i size group of swarm bubbles (—)
Te surface radius of curvature (m) j cell index (—)
RR removal ratio (—)
T absolute temperature (K)
particle movement is the pre-condition to analyse the particle deposition
000 Oo 8 006 behaviour. ‘Secondly,.t!'le dynamic behaviou'r ‘of the gas-liquid interface,
OO % 007 1O where particle deposition happens. In the rising process, the movement
Ooo’S ooO and topology of swarm bubbles don’t show stationary behaviour and
oo o909’ Swarm . iy .
('_C' Qo 0 O o flow vary strongly during the rising process (Mei and Cheng, 2024). Thus, the
o 0(8 0,2 normal velocity relative to the interface also shows non-stationary
80 O OGD behaviour. Thus, it is extremely difficult, or even impossible, to use

Eq. (2) for the determination of the decontamination factor.

The main objective of this study is to develop a new methodology for
modelling decontamination factor. Instead of modelling all parameters
in Eq. (2), the new methodology uses residence time of both bubbles in
pool and particles in bubbles, to avoid the modelling of the dynamic
behaviour of interfacial surface. In Section 2, both the existing and the
new developed methodologies are presented. Numerical models used for
single bubble dynamics as well as swarm flow are explained in Section 3.
Preliminary results achieved so far are presented in Section 4, to confirm
the feasibility of the new methodology.

2. Modelling methodologies
To justify the importance and necessity of the development of the

new methodology, the existing, conventional methodology of calcu-
lating the decontamination factor is presented first.
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2.1. Existing methodology

In the containment safety analysis programs, the aerosol retention
models are applied, to calculate the decontamination factor. Intensive
investigations in the 1980's led to the development of several aerosol
retention code, such as SPARC (Suppression Pool Aerosol Removal
Code) from Pacific Northwest National Laboratory (Owczarski and Burk,
1991) and BUSCA (BUbble Scrubbing Algorithm) from the United
Kingdom (Ramsdale et al., 1995). Both codes were widely applied in the
community, have a similar approach to determine the decontamination
factor and use Eq. (2) as a starting point.

The size of swarm bubbles is divided into several groups, indicated
with the subscript i. The decontamination factor of group i is determined
similar to Eq. (2), i.e.

%{. fo’ [ tnsedacdr
Ap

DF;=e 3

where 7 is the bubble residence time in the water pool. Compared to Eq.
(2), the critical velocity is set to zero in the conventional applications.
That means, as soon as particles arrive at the interface, they will deposit
on the interface and penetrate the liquid. The entire decontamination
factor is determined by

DF = 1 “4)

F
> ios;

with F; the probability of bubbles in group i. It can be recognized that the
decontamination factor depends not only on the bubble behaviour such
as bubble geometry and bubble residence time, but also on the particle
behaviour inside the bubble, e.g. the interfacial deposition velocity uy;.
During the bubble rise, the net deposition velocity u,; is calculated by
summing the contributions from different mechanisms:

Un; = Up; + UgiCOSP + Uej — Uy 5)

Eq. (5) considers four different processes, i.e. Brown diffusion ug,
gravitational sedimentation u,, centrifugal deposition u. and phase
change (incoming vapor velocity) u,. 8 is the angle between the local
interfacial normal vector and the vertical direction (gravity). Further-
more, it was found that in most cases the centrifugal deposition plays the
most important role.

The total decontamination factor is the product of all individual
contributions, i.e.

DF; = DF;(up;) ® DF;(uy;)  DF;(uc;) ® DF;(uy,) (6)
In SPARC (Owczarski and Burk, 1991), various terms are calculated as

below:
= Gravitational sedimentation velocity (u)

pped2egeCu
Ui == @)
8t 18u
where Cy; is the Cunningham slip correction factor.
= Centrifugal deposition velocity (uc,;)
2 1L
ey = ! ®
rg

where u; is local surface velocity and r, is surface radius of curvature.
= Brownian diffusion velocity (ug;)
According to penetration theory of mass transfer (Crank. 1979), the
local Brownian diffusion velocity ug; is estimated as:

\1/2
Up; = (&> (C)]
=\
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where D; is the diffusion coefficient and can be calculated using the
Stokes-Einstein equation

D kgTCpi

o (10)

where kg is Boltzmann constant, T is absolute temperature, Cp; is
correction factor, dp is particle diameter and yu is viscosity of the me-
dium. t, relates to the exposure time of the moving surface.

Although the above sub-models have been used in engineering ap-
plications, the reliability is very questionable. One of the main chal-
lenges is the dynamic feature of the bubble parameters such as bubble
shape, bubble velocity and subsequently the interfacial surface. This
makes a reliable deterministic description of the interfacial surface
hardly possible. The deposition velocity is the relative velocity of par-
ticles to the interfacial surface. Thus, it is also hardly possible to quan-
titatively describe the deposition velocity. Furthermore, the four terms
of deposition velocity cannot be separately determined in experiments.
Thus, there is a big deficiency in experimental validation of the sub-
models.

In addition, the geometric parameters of bubble as well as its resi-
dence time 7 are required to determine the decontamination factor as
seen in Eq. (3). In the aerosol retention code SPARC, it is assumed that
swarm bubbles have the elliptic shape, as indicated in Fig. 2.

The equivalent diameter is determined by

D, = 0.007 26 (2-303(-0-2265+(0.0203+0.0313xx)"° ) ) an
The ratio of both axes is

b
- 0.8407 +1.13466 ¢ D, — 0.3795 e D? 12)

The effective rising velocity of bubbles is given by

(Q + 5,33) «10-3

= 3.011

(1-3975¢10 2 e h) a3

From the effective rising velocity, the residence time of bubbles is given
as
h dz

o u

T= 14

In the above equations, Q is gas volume flow rate, h is the water depth
and Xxp, is the mass fraction of non-condensable gases.

Because of the deficiency in reliably validated sub-models for the
particle deposition velocities and residence time, the feasibility and
accuracy of the conventional aerosol retention models are questionable.
Furthermore, it was found that aerosol retention models used in
different codes give significant derivation from each other and none of
them were well approved or sufficiently validated (Herranz and
Sanchez, 2019).

Therefore, in the present paper, a new methodology to calculate the
decontamination factor is developed, instead of the conventional
methodology based on Eq. (3).

Fig. 2. Elliptic bubble assumed in SPARC code.
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2.2. New modelling methodology

As discussed in the previous section, although the conventional
methodology based on Eq. (3) was derived analytically, reveals enor-
mous difficulty because of the dynamic feature of the hydrodynamic
parameters.

The new methodology focuses on the statistic treatment of the resi-
dence times of both the bubble in the water pool and the aerosol par-
ticles inside a bubble. To explain the new methodology, probability
density functions (PDFs) for both the bubble removal Pg(z) and the
particle removal Pp(t) are introduced. By knowing both PDFs, proba-
bility of bubbles remaining in the pool after time ¢ is

1- / Pg(7) o dr 15)
0

In the following time interval {t, t + 6t}, the removed particle portion is
determined by

{1 - /(:PB(T)OdT} o Po(t)dt 16)

The total particle portion, which is removed in the period {0, T}
yields

RR(T) = /OT {1 - /OIPB(T) odr} o Pp(t)dt 17

RR is called removal ratio in this paper. The entire decontamination
factor can be easily derived from the removal ratio as

1 1

DF:l—Rmm)zl_ﬁqj_ﬁpﬂﬂ.&}omQMt

(18)

In case the particle size is divided into sub-groups, the decontamination
factor for each group i is

1 1

DFi =7 ~RR{(w) 1- [ {1 [oPoi(r) e dr } e Poy(t)dt

19

The total decontamination factor is then calculated using Eq. (4).

From Egs. (18) or (19), it is recognized that the decontamination
factor can be easily determined by knowing both PDFs P ;(7) and Pp;(t).
The main focus is put on the development of models for both PDFs.

The expected probability density function of bubble removal in
water pool is schematically illustrated in Fig. 3.

The entire behaviour can be divided into three parts. In the time
range (0, t; ), no bubble escapes from the water pool, because the bubble
needs time to arrive at the surface. Obviously, the time point t; depends
on the submerged height of water pool. In the second time interval
(t1,t2), the PDF increases and reaches its maximum. The time point with
maximum probability ¢, is strongly related to the average bubble rising
velocity. In the third zone, a monotonous decrease in the probability
density function is expected. Due to flow recirculation in the water pool,

Pg(t)

0t ¢t

Fig. 3. PDF of bubble removal.

Nuclear Engineering and Design 444 (2025) 114390

some bubbles can stay in the pool for long time.

The probability density function of the removal of particles inside
bubble is qualitatively shown in Fig. 4. Surely, it would differ strongly
from that of bubbler removal behaviour in the pool. Due to the decrease
of particle number with time, the removed particle number for the same
time interval becomes also smaller. Thus, the PDF decreases continu-
ously. Assuming, that the bubble doesn’t change its shape, particles have
uniform distribution inside the bubble and the same velocity, the par-
ticle removal rate can be expressed by

dN 1
E:_N.V/ max{u, —uc,0} edA = —Neap (20)
A
with
1
ap:V/ max{u, — uc,0} e dA 21
A

Under the simplified assumption that « is time independent, solution of
Eq. (20) yields

N(t) = No o e (22)
The probability density function is derived as

AN_ et 23)

Under the above strong simplification, it indicates that the PDF, Pp(t),
might be well correlated with an exponential decay function.

To investigate the behaviour of both PDFs, Pg(r) and Pp(t), CFD
simulations have been carried out in two individual groups. In the first
group particle transportation in a single swarm bubble is simulated to
statistically find out the residence time of particles, whereas the second
group is devoted to swarm flow with the focus on the statistic investi-
gation of bubble residence time.

3. Numerical approaches

For numerical simulation, the open source CFD platform OpenFOAM
is used. Different numerical approaches are applied to swarm flow and
single bubble flow, respectively.

3.1. Single bubble and particle transportation

The VOF-LPT (Volume of Fluid & Lagrangian Particle Tracking)
method is used for this purpose. It is a one-way coupling approach that
utilizes the VOF method to capture the gas-liquid interface and the LPT
method to track aerosol particles. The combination of the VOF and LPT
methods provides a detailed description of bubble dynamics and particle
transport, offering insights into the mechanisms of particle removal at
the gas-liquid interface.

Pp()

Fig. 4. PDF of particle removal.
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The computational domain has a square cross-section with the side
length 5Dp and the height 20D, where Dp refers to bubble equivalent
diameter, as shown in Fig. 5. In the beginning, the bubble is assumed to
be spherical, and it is put along the central axis with a height 5Dg.

To track the long-term bubble and aerosol behaviours, the compu-
tational domain is moving along the z direction and its velocity is set to
be equal to the bubble terminal velocity roughly. Evaluation is carried
out to assess the effect of mesh structure and various schemes for the
suppressing interfacial diffusion. The numerical models and the corre-
sponding validation compared with experimental data (Fujiwara et al.,
2022) have been described in detail in the previous publications (Mei
and Cheng, 2022; Mei et al., 2022; Mei and Cheng, 2023). In the
following, only important aspects related to particle injection and par-
ticle deposition are briefly summarized.

During the initial phase of bubble rise, it was observed that the
bubble deformation exhibited irregularities, during the first second,
shown as in Fig. 6. The bubble deformation factor (BDF) which is
defined as the ratio of the actual three-dimensional surface area of the
bubble to that of an equivalent spherical bubble, has severe fluctuations
at the beginning and tends to approach the terminal condition in about
1 s. Thus, in the present study, particle injection is initiated 1 s after
bubble starts to rise.

Initially, the bubble was configured as spherical and allowed to rise
freely for one second. After this period, the deformed bubble shape was
extracted, and the center coordinates of each mesh element within the
bubble were identified. Subsequently, a large number of particles, e.g.
one million particles, are randomly injected into the mesh of the current
bubble shape.

The motion of aerosol particles is governed by Newton’s motion
equation which the drag force, gravity force, buoyance force and
Brownian force are considered within the resolved flow field obtained
through the VOF method at each time step.

Due to the significantly smaller size of aerosol particles compared to
the bubble diameter, the volume they occupy and their effect on the
internal flow field are neglected. In other words, the temporal evolution
of the fluid phase influences the particle phase, but not the other way
around.

As mentioned in Eq. (2), particles, which reach the interface, do not
necessarily deposit on the interface and penetrate the liquid. Penetration
happens only if their normal velocity is larger than the critical value or
the Weber number is larger than the critical Weber number, see Egs. (24)
and (25). Thus, in the present study, a flow chart to judge the movement
of particles near the interface is introduced and presented in Fig. 7. The
value of void fraction is used to identify whether a particle locates near

A\
\ ¥
A\
\\

20Ds

5Ds

z

L,

Fig. 5. Schematic of a bubble with internal aerosol rising in quiescent liquid.
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Fig. 6. Temporal evolution of bubble deformation factor (Mei and
Cheng, 2022).

the interface. If the void fraction is larger than 90 % (ag > 90%), the
particle is assumed to be in the gas phase and far from the interface,
whereas in case the void fraction is smaller than 10 % (ay < 10%), the
particle locates inside the liquid water. Only if the void fraction is in the
range of 10% < a, < 90%, the particle is assumed to be near the inter-
face. In this case, the critical Weber is applied to judge whether this
particle penetrates into the liquid water (Wep > We,) or rebound from
the interface back to the gas phase (Wep < We,).

As investigated in the previous publication (Mei and Cheng, 2023),
an interfacial penetration model is derived from the theoretical analysis
and the criterion with critical Weber number was introduced and
assessed based on the experimental data. The Weber number is defined
as

pp ® dl).u]z.n

We, =
P o

(24)
Comparison with experimental data (Fujiwara et al., 2020) determined
the critical Weber number as

Wee =3.00107* (25)

3.2. Numerical approach for swarm flow

Fig. 8 shows the approach selected for the simulation of swarm flow.
The two-fluid Euler-Euler method is selected for the bubbly two-phase
flow region, which is different from the VOF method used in single
bubble simulation considering the computational cost and experiences
from other literatures (Bicer et al., 2021; Liao et al., 2022). After the
time-averaged two-phase flow field is obtained, the Lagrangian model is
applied to describe the bubble trajectory. One-way coupling is utilized in
this work, that is, the flow affects the bubble motion, but the effect of air
bubbles on the water flow field was not involved in the Lagrangian part
since the air-liquid flow has been simulated by Euler-Euler approach.
From the trajectory results of many bubbles, statistical results of bubble
residence time are obtained.

The whole computational domain, as shown in Fig. 9, is cylinder and
has the dimension D x H=0.5m x 3.5 m. The submergence height hy is
3 m. The air injection cross-section locates at height h;, = 0.3 m from the
water pool bottom. The nozzle is a rectangular section, whose area is
varied to keep the air inlet velocity equal to 0.5 m/s. The air-water two-
phase flow is assumed as the monodispersed flow and the constant
bubble diameter is set in simulation. The total physical time is set as 30 s.
The results in the time interval from 15 s to 30 s are used for calculating
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Fig. 7. Flow chart of the simulation process (Mei and Cheng, 2023).
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Fig. 8. Numerical approach for determination of bubble residence time.
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Fig. 9. Schematic diagram of computational domain.

the average results.

The interface momentum transfer in Euler-Euler approach includes
the drag force, lift force, virtual mass force, turbulent dispersion force
and wall lubrication force. All the selections of the interfacial force
models and turbulence modeling are referred to the baseline model
(Hansch et al., 2021), as also documented in the previous publication
(Kong and Cheng, 2025). The Euler-Euler model has been well validated
with the experimental data of Abe et al. (2018) and can be found in Kong

and Cheng (2025).

The bubble transportation as dispersed phase is solved in a
Lagrangian reference system. The force balance equation of a discrete
bubble is written as:

dug u, — ug

B—, = Mg + mug(pB ~Pu) +F3 (26)
dt . s

where the subscripts B and w denote bubble (the discrete phase) and
water phase (the carrier phase), mg is the mass of bubble and 7, is the
relaxation time. The terms on the right side are the drag force (the first
term), the combined force of gravity and buoyancy (second term), and
Fp (third term) denotes the lift force, virtual mass force, and pressure
gradient force which are considered in this work. To keep consistence
with the Euler-Eulerian approach, the same models for various forces in
the above bubble transportation equation were used as in the Euler-
Eulerian two fluid approach. The specific numerical settings of
Lagrangian approach are referred to the previous work (Kong and
Cheng, 2025).

To investigate bubble residence time in the swarm region, the
discrete bubbles are injected from each cell center of the injection cross-
section (the gray plane shown in Fig. 9). Bubbles are removed from the
computational domain, when they reach the initial water surface, and
considered as leaving from the pool. Each bubble represents a group of
bubbles injected in the same cell. The discrete phase consists of air
bubbles and their properties and velocities on the injection cross-section
are obtained from the Euler-Eulerian simulation. The air mass flow rate
in each cell could be calculated as:

Tflj = WgangAcele (27)

where w, is the air vertical velocity, a, the void fraction, p, the air
density, and A.y; the cell area. After that, the equivalent bubble number
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of each cell could be converted from the mass flow rate:

61
N=—1 (28)
J ad3p,

4. Results and discussion

This section presents the results obtained so far into two parts, i.e. (a)
particle transportation and residence time, (b) swarm flow and bubble
residence time.

4.1. Particle transportation and residence time

The dynamics of single bubble was intensively investigated and
documented in Mei and Cheng (2022). As example, the temporal evo-
lution of bubble shape and internal flow field is shown in Fig. 10, labeled
from 1 to 10 in a sequential manner. Initially, the bubble shape appears
as a flattened oblate form. In presence of a large bubble front surface
contacting with liquid water, the pressure drag force on the bubble is
relatively large, resulting in the deceleration in bubble velocity in the
time sequences from 1 to 3. Concurrently, since the bubble presents a
highly deformed shape at the starting point, the large interface curva-
ture results in a dominant surface tension force on the bubble, which
contributes to the bubble shape relaxing to the initial round shape
embodied in the time sequences from 1 to 6. Furthermore, given that the
contacting area between air and water is decreased in the shape relax-
ation process, the bubble buoyancy force is more predominant than the
drag force and consequently, the bubble accelerates and the peak comes
at sequence 7. At this specific time point, the bubble presents a nearly
round shape and the highest local rising velocity. After that, further
shape deformation occurs, which is followed by the deceleration of
bubble rising velocity in the time sequences from 8 to 10. The example of
results shows clearly the dynamic behaviour of bubble, especially its
topology and interfacial boundary area.

Following parameters are taken into variation to study their effect on
the particle deposition behaviour, i.e.

= bubble size, [mm]: 4.0, 6.0, 9.0
m particle size, [pm]: 0.5, 1.0, 2.0

Nuclear Engineering and Design 444 (2025) 114390

m particle density, [kg/m®]: 1000, 1500, 2000
m surface tension of water, [N/m]: 0.04, 0.07, 0.14

The above four parameters are considered as the most important
ones affecting the particle deposition behaviour. Bubble size determined
directly the average transportation time of particles inside the bubble to
the interfacial area. The density and size of particles directly affect the
relaxation time of particles in gas flow. The surface tension is used in
building the Weber number and thus has strong impact on the particle
behaviour at the interface, determining whether a particle arriving the
interface rebounds from the interface or penetration into water. The
ranges of the four parameters indicated above cover well the conditions
in pool scrubbing applications.

Fig. 11a—d show the remaining particle portion versus time. Here
particle injection starts at t = 0.0s. It is well recognized, that all four
parameters have strong effect on the decay behaviour of the remaining
particle portion. The larger the particle size or the higher the particle
density, the faster is the particle deposition due to larger relaxation time
and increasing relative velocity between the particle and the gas phase.

The bubble size affects directly the average time for particles moving
to the interfacial area. Thus, the smaller the bubble diameter, the shorter
is the particle moving time and subsequently, the faster is the particle
deposition. The surface tension of water has direct impact on the Weber
number, defined in Eq. (29). The larger the surface tension, the smaller
the Weber number. That means, the number of particles decreases,
which impacts the interface and has Weber number exceed the critical
Weber number. This leads to a decrease in the particle deposition and,
thus, to a slower decay of remaining particle number.

— 5 )2e2d4
We:i/’g(/’p Pg) €d;Ds (29)
81 u?c
As discussed in Fig. 4, an exponential decay behaviour might be
expected. Assuming that the decay behaviour of the remaining particles
is presented with an exponential function:

N(t) = No-e (30)

From the above equation, it yields

1.0e+00
[ 0.9
0.8
= 0.7
— 0.6
— 0.5
0.4
0.3
0.2
0.1

0.0e+00

alpha.air

Fig. 10. Temporal evolution of bubble internal flow field (Mei and Cheng, 2022).
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Fig. 11. Impact of physical parameters on particle remain during bubble transport.

lnl\ll\%) = —opt 31

Fig. 12a—12d present the term In %;) over time for the four various cases.

In general, a good linear relationship between ln’\,’\,%) and time is observed
for all cases. This indicates the reasonable assumption of the exponential
decay behaviour of the remaining particle portion with nearly constant
values of the time constant, op in Eq. (30).

Surely the curves are not strictly linear lines. That means the decay
constant a varies slightly versus time and is then expressed as:

o)

ap(t) = — f (32)

Table 1 summarizes the average values and the standard deviation of the
decay constant, as defined as:

1 e
= / ap(t)dt 33)
_ 2k (o —ap)
STD 3 (34)

where M is total number of data points (population size).

The derive the average values and the standard deviation, numerical
results in the time interval (0.2s,1.0s) were taken, which is divided into
80 time steps with each 0.01s. It is assumed that after about 0.2 s, the
effect of the initial injection condition is negligibly small. It can be seen
from Table 1 that the standard deviation, i.e. the scattering from its
average value, is small. This clearly confirms the assumption of the
exponential decay behaviour and the feasibility of the new methodology
in modeling the decontamination factor.

The average value of the decay constant depends strongly on all four
parameters. The future task is to perform numerical analysis with more
systematic variation of influencing parameters and to derive a model to
describe the decay constant, if possible, based on dimensionless
parameters.

4.2. Swarm flow and bubble residence time

The swarm flow behaviour was intensively investigated and docu-
mented in Kong and Cheng (2025). The main focus of this paper is put on
the analysis of the bubble residence time. Following two parameters are
taken into variation to study their effect on the bubble residence time, i.
e.

m Gas injection volume flow rate, [L/s]: 0.1, 0.5, 1.5
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Fig. 12. Logarithmic decay of particle retention under varying parameters.

Table 1
Average value and standard deviation of decay constant.
Dp, mm dp, pm Pp, MM o, N/m ap, 1/s STD, 1/s 08
6.0 0.5 1500 0.07 2.43 0.07 L
6.0 1.0 1500 0.07 4.78 0.12
0.7
6.0 2.0 1500 0.07 6.35 0.19 ‘_._ 0.5L/s, 4 mm, 25 °C
6.0 1.0 1000 0.07 3.58 0.09 I
6.0 1.0 2000 0.07 5.65 0.15 0.6
4.0 1.0 1500 0.07 2.33 0.06 3 I
9.0 1.0 1500 0.07 10.63 0.12 0.5
6.0 1.0 1500 0.04 6.21 0.15 — L
6.0 1.0 1500 0.14 2.54 0.10 2 0.4 !
< L
; = 0.3
m Bubble size, [mm]: 4, 6, 8 a O
The above parameters belong to the most important ones affecting 0.2
the bubble residence time. Bubble size determined bubbly dynamics and I
bubble rising velocity. It was found that gas injection rate affects directly 0.1
the average bubble rising velocity, as indicated in Eq. (13). 0.0 I "~
To analyse the bubble residence time distribution, the reference case : i i i i i
is simulated. For the operating conditions, the temperature of both 3 4 5 6 7 8 9
water and air is 25 °C, the bubble diameter is set as 4 mm and the volume t[s]

flow rate of the injected air is 0.5 L/s. Through the Euler-Eulerian and

Fig. 13. Py(t) Curve for reference case.
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Lagrangian approach, the two-fluid flow field was solved and individual
bubble residence time was recorded. Fig. 13 shows the probability
density function of the bubble removal Pg versus time. It is found that
the bubble removal starts at time point t; = 3.41s, which the first bubble
requires to reach the upper surface. After this time point, the bubble
removal rate increases rapidly, reaches the maximum value at the point
ty = 3.77s and then decays slowly until all of the bubbles leave the water
pool.

There is a portion of bubbles in the central part of the pool with a
high rising speed. Their arrival at the upper surface results in the peak of
the Pg(t)-curve. Bubbles from other parts of the pool with smaller ve-
locities and are easily affected by natural circulation pattern would
travel longer. Due to the decrease in the total number of bubbles, the
removal rate decreases with the time.

For the bubble removal rate distribution, showed in simplified
Fig. 14a, there are two important inflection points, i.e. t; and t. At t;,
bubble removal starts, representing the minimum bubble residence time
and bubbles begin to leave the pool from this time point. Another is the
peak of the bubble removal rate at t,. The Pg(t)-curve can be divided into
two parts by t,. Generally, the bubble removal portion in the time in-
terval (t1,ty) is shorter and the bubble removal portion is smaller. In the
second stage, i.e. time interval (t;,o0), the Pg(t)-curve follows an

exponential decay behaviour and, thus, is expressed as
Py(t) = ape (8 (35)

The integration of the Pg(t)-curve from t; to infinite is equal to the
portion of bubbles removed in this time interval I:

/ C(geiaE([itZ)dt =1

5]

(36)

From the CFD results, the value t, and I can be directly determined.
The coefficient a, is optimized by fitting the CFD results, as shown in
Fig. 15. Thus, ap can be easily obtained as

a2
ag = —
I

37
To take the bubble portion at the first stage (t1,tz) into account, the
integration range is extended to (t; — 79, ), as shown in Fig. 14b, so
that the integration yields

/ aze @) dr =1 (38)
ty—19
From above two equations, 7, is then determined as
1 a
70 =—1In (—B) (39)
ap az

The above analysis shows that as soon as both coefficients az and a,
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1.0

Original data
Pg(t)=0.824-exp(-0.987-(t-3.77))

Pg(t) [s™]

t[s]

Fig. 15. Illustration of simulated results and fitting curve.

are determined according to the CFD results in the second stage, all other
parameters can be easily obtained.

For the reference case, as shown in Fig. 13, the probability density
function of bubble removal is generated and shown in Fig. 15. In this
case, the coefficients ay and ap are 0.824 and 0.987, respectively. The
bubble removal peak occurs at time point t; = 3.77s. According to Egs.
(37) and (39), the portion of bubbles removed in the second stage is
83.5 %, and the effective starting time point t; —79 = 3.59s, just 0.18 s
earlier than t,.

Fig. 16 shows the effect of the bubble diameter (Fig. 16a and b) and
of the gas volume flow rate (Fig. 16c and d) on the behaviour of the
probability density function of bubble removal.

With the same procedure as indicated with Egs. (35)-(39), the co-
efficients ap and az, and the other parameters I, t; and 7y are obtained
and summarized in Table 2. As the increase of volume flow rate, decay
speed (ap) increases, the removal peak point (t;) moves towards a
smaller value and the portion of bubble (I) leaves the water pool in the
second stage changes irregularly. With the volume flow rate increases,
local void fraction value also increases which leads to higher buoyancy
and subsequently higher rising velocity. For case of 1.5 L/s, the wall
effect becomes larger especially begins from the half of submerged
height to the water surface due to large volume flow rate. Due to water
circulation, more bubbles tend to move towards the wall, bubbles in the
center rise slowly, and more bubbles leave the pool before the removal
peak point.

A A |\
(a) | Ps(® (b) | Pa(®) I
|
Iy
R\
[
[
\
I
:o+@
[
> ' ———>
0 0 t 4 P

Fig. 14. Illustration of simplified Pg(t) curve.
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[
6 \ ® Original data H
= Pg(t) = 4.329-exp(-6.288-(t-2.49))
5
b,
€
Q
Q
t[s]
(a) 0.5L/s, 6 mm
1.0 I I
\ ® Original data
0.8 === Py(#)=0.660-exp(-0.921-(t-4.73))| |
— 0.6
o,
€ 04
C)
Q
0.2
0.0 a
4 t, 6 8
t[s]
(c) 0.1 L/s, 4 mm
Table 2
Fitting parameters of PDF for bubble removal.

Gas flow rate, L/s Dp, mm az, 1/s ag,1/s I, - t2, S 70,8
0.5 4.0 0.824 0.987 0.835 3.77 0.18
0.5 6.0 4.329 6.288 0.688 2.49 0.06
0.5 8.0 9.451 14.936 0.633 1.91 0.03
0.1 4.0 0.660 0.921 0.717 4.73 0.36
1.5 4.0 0.930 1.133 0.821 3.43 0.17

As for the bubble diameter, ap increases dramatically, I decreases,
and ¢, also reduces significantly with the increase of bubble diameter. It
is because larger diameter bubbles experience greater buoyancy,
resulting in a higher rising velocity. Meanwhile, larger bubble tends to
distribute in the center of flow due to lift force. Both cause most of
bubbles to leave the pool more quickly and a larger portion of bubbles
leaves in the first stage. The bubble diameter shows stronger effect on
bubble removal because buoyancy force and lift force are proportion to
the square of bubble diameter.

5. Summary

A reliable modelling of the decontamination factor plays a crucial
role in the determination of the source terms of radioactive materials in

Pg(t) [s™']

11

Pg(t) [s™]
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Fig. 16. Effect of bubble diameter and gas flow rate on the bubble removal.

the containment and affects the design of safety measures. In the widely
applied aerosol retention code, conventional approaches for the
modelling of the decontamination factor rely on the description of the
particle deposition velocity. Due to the dynamic features of the bubble
topology and bubble movement, the conventional approaches suffer
from reliability and generality.

In this paper, a new approach was introduced to model the decon-
tamination factor in swarm flow regime based on the statistical treat-
ment of the residence time of bubbles in the liquid pool as well as the
residence time of particles inside bubbles. The results achieved as far are
summarized as below:

= An analytical equation, i.e. Eq. (18), was derived showing the
relationship between the decontamination factor DF and both
probability density functions Pg(t) and Pp(t), so that the task to
determine the decontamination factor is converted to the task
to model both probability density functions.

Two different groups of CFD simulations were carried out to
investigate the swarm bubble behaviour in water pool and the
particle transportation inside bubbles, respectively. For the
simulation of the swarm bubble behaviour, Euler-Eulerian
method was used to determine the two-phase swarm flow
field, whereas the Lagrangian Particle Tracking method was
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selected for studying the bubble transportation and thus the
bubble residence time.

m For single bubble simulation, the VOF method was applied to
catch the interfacial surface of the bubble and the Lagrangian
Particle Tracking method for the simulation of the particle
transportation inside the bubble and, subsequently, the particle
residence time.

m The numerical simulation of single bubble with particle trans-
portation was carried out with different values of bubble size,
particle size and particle density. It shows that the particle
removal behaviour can be well described with an exponential
decay function for all the cases, i.e.

Pp(t) = ape ™"

The decay constant ap is nearly constant for each case. The
effect of various input parameters on the decay constant was
physically explained.

m The numerical simulation of swarm flow with bubble tracking
was performed with different gas injection flow rates and
bubble diameters. A method was developed to overcome the
effect of initial conditions. The behaviour of the bubble removal
without the effect of the initial conditions was also well
correlated with an exponential decay function, i.e.

t<tp

aBe*(ls(t*fo)7 t>to
The dependence of the decay constant on the input parameters
was well explained.

= Combining the relationship between the decontamination fac-
tor and both probability density functions, i.e. Eq. (18), with
the above two probability density functions, the decontami-
nation factor can be easily obtained as

o+ aPeﬂPto
ap

DF

As soon as models for the three parameters, ag,ap and ty, are
derived, the decontamination factor can be easily obtained.
This confirms clearly the feasibility of the proposed new
approach.

In the future, research needs are required in two aspects. At first, the
numerical approach for the simulation of the particle transportation
inside bubble requires experimental validation. For the development of
models describing probability density functions of both bubble and
particle removal behaviours, systematic numerical simulation with a
large parameter range is necessary, to provide numerical data base for
the model development.
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