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1. Introduction 
 

Main mechanisms of the retention of fission products 
(FPs) during the pool scrubbing are centrifugal 
deposition, Brownian diffusion, gravitational settling, 
and etc. [1]. The amount of FPs released after the 
aforementioned processes is expressed by the 
decontamination factor (DF), ratio of the mass of FPs 
entering the water pool volume to the mass released from 
the surface of the pool. 

From the understanding on the numerous experiments 
on the pool scrubbing, e.g., EPRI experiments [2], 
LACE-ESPAÑA [3], and etc., computer codes such as 
SPARC-90 [4], MELCOR [5], and etc. were developed 
to analyze the pool scrubbing phenomena. According to 
comparative studies on the various parameters in pool 
scrubbing[6, 7], the average equivalent diameter of the 
bubble, one of the most critical points for calculation of 
the DFs, was selected to provide conservative results.  

The results of EPRI experiments [2], however, showed 
that bubbles during the pool scrubbing have size 
distributions. Deposition velocities on the 
aforementioned mechanisms, therefore, should also be 
dependent on the size distributions since they are 
function of the size of bubbles. This results in bubble-
size-dependent DFs.  

In addition, according to legislation on severe 
accidents in Korea, there is a quantitative safety goal of 
new and/or operating nuclear power plants in terms of 
the amount of FPs released checked by a best-estimate 
methodology [8]. It is, therefore, essential to consider the 
size distributions of the bubbles for realistic analyses on 
amount of the FPs released. 

This study consists of two parts. The first part of the 
study focuses on a calculational procedure for the 
bubble-size-dependent DFs and sensitivity studies on the 
bubble sizes on the aforementioned retention 
mechanisms and the various size distributions of the 
bubbles. The other part of the study [9] focuses on the 
validation of the calculational procedure via application 
to analyses on LACE-ESPAÑA experiments. 

 
 

2. Derivation and Calculational Procedure of the 
Bubble-Size-Dependent DFs 

 
2.1 Funtionalization of DF on the size of bubbles during 
bubble rise  
 

The gravitational settling velocity vg(di), is expressed as 
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where 
di : equivalent diameter of aerosol particle in section i, 
Cni : Cunningham slip correction factor for aerosol 
particle with di, 
μ : viscosity of carrier gas. 
  The centrifugal deposition occurs due to surface 
circulation as the bubble rise through the liquid surface 
when the size of bubble is greater than the critical size 
[4]. The deposition velocity is expressed as  
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where 
ϕi : equivalent diameter of the bubbles in section j, 
θ : cylindrical polar coordinate on the local surface of the 
bubble, 
vs(ϕi , θ) : local surface velocity on the surface of bubble 
with ϕi. 
  Deposition due to Brownian diffusion is done by 
diffusion of aerosol particles within a bubble. The 
velocity is expressed as 
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where 
D(di) : diffusion coefficient for the aerosol particles with 
di, 
te (ϕi , θ) : exposure time of the surface of the bubble with 
ϕi, 
With Eqs. (1)~(3) and the vapor velocity, vv(ϕi), the net 

deposition velocity of an aerosol particle with di on the 
surface of θ of a bubble with ϕi is expressed as 
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and the relationship between the each mechanism of 
retention is shown in Fig. 1. 
 

 
Fig. 1. Rising bubble with various retention 

mechanisms of aerosol particles 
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With the functionalized deposition velocity, i.e., Eq.  

(4), the bubble-size-dependent DF is expressed as  
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where 
aj : length of major axis of the bubble with ϕi, 
bj : length of minor axis of the bubble with ϕi,  
Aj : surface area of bubble with ϕi, 
tb,j : rise time of bubble with ϕi. 
Then, the DF during bubble rise can be calculated by 

the following: 

( ) ( )
( )

1 ,

,
φ

φ

=
⋅

∑∑
br

Fr j Fr j

j i j i

DF
N M d

DF d

 

(6) 

where 
MFr(di) : mass fraction of aerosol particles with di, 
NFr(ϕi) : number fraction of bubbles with ϕi. 
   
2.2 Calculational procedure for the bubble-size-
dependent DFs 
 

In the calculation of the DF, bubble-hydrodynamics is 
required to calculate velocities and volume fraction of 
the globules and bubbles. Bubble-thermodynamics is 
required to calculate pressures and temperatures of the 
bubbles. In I-COSTA, in which the aforementioned 
bubble-size-dependent DF is implemented, calculational 
modules of the bubble-hydrodynamics and bubble-
thermodynamics are based on those used in SPARC-90 
[4].  

For the rise of a bubble, the first step is to calculate the 
volume fraction of the globule and bubbles. Then, for 
each section of the bubbles, surface temperatures of the 
bubbles are calculated to obtain the saturation ratio 
which is used to solve Mason Equation.  

The next step is to calculate the internal energy of a 
bubble with consideration of the heat added to the bubble 
and the work of expansion done by the bubble from 
pressure drop, vapor production, and temperature change. 
The internal energy is also calculated by considering the 
thermodynamics state of the bubble. The two 
aforementioned internal energies are calculated 
iteratively until the surface temperatures of the bubbles 
from the two internal energies are converged. The 
calculational procedure is shown in Fig. 2.  

 

 
 

Fig. 2. Calculational procedure for  
bubble-size-dependent DF 

3. Numerical Results 
 

3.1 Sensitivity Analyses on Retention Mechanisms of 
Aerosol Particles  

 
I-COSTA is applied to sensitivity analyses on the 

various mechanisms of aerosol retention during the pool 
scrubbing. The geometric and thermophysical condition 
of the pool are based on the RT-SB-12/13 test in LACE-
ESPAÑA experiments [3]. The area at the exit of the 
nozzle is 7.854E-05m2, equivalent to the exit diameter of 
the nozzle of 9.9 mm. CsI aerosol particles with an 
average equivalent diameter of 3.0E-06 m and a 
geometric standard deviation of 2.3 are injected at a rate 
of 5.0E-06 kg/sec. The size distribution of the aerosol 
particles and bubbles are shown in Figs. 3 and 4, 
respectively.  

 

 
 

Fig. 3. Distribution of the aerosol particles considered 
in the sensitivity analyses 

 

 
 

Fig. 4. Distribution of the bubbles considered in the 
sensitivity analyses 

 
The net deposition velocities are compared with the 

deposition velocities according to the various retention 
mechanisms for the various bubble equivalent diameters 
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in Fig. 5. Note that the velocities in Fig. 5 are average 
values considering the size distributions of the aerosol 
particles. 

 

 
 

Fig. 5. Comparison of net deposition velocities to  
the deposition velocities of the various  

retention mechanisms 
 
As shown in Fig. 5, the net deposition velocity of a 

bubble with an equivalent diameter of 0.01 cm is 
~650cm/sec and it decreases rapidly as the bubble 
equivalent diameter increases. The value is saturated at 
~20/cm sec when the bubble equivalent diameter is ~0.7 
cm. Such changes are consistent with the change of the 
DFs over bubble equivalent diameter reported in Ref. 6.  

From the comparison of the deposition velocities for 
each retention mechanism with the net deposition 
velocities in Fig. 5, we find that the centrifugal 
deposition is the dominant mechanism of the aerosol 
retention in the bubbles, i.e., ~90% of net deposition 
velocity comes from the centrifugal deposition. It is also 
the most sensitive mechanism to the change of the bubble 
equivalent diameters. We, therefore, can conclude that 
the centrifugal deposition is the most important 
mechanism of retention in the calculation of the bubble-
size-dependent DFs. 

 
3.2 Sensitivity Analyses on Retention Mechanisms of 
Aerosol Particles  

 
In the analyses, I-COSTA is applied to sensitivity 

analyses on the various size distribution of the bubbles. 
For the sensitivity analyses, we consider three cases: 
effect of diameter at nozzle exit (Case 1), effect of 
molecular weight of non-condensable gas (Case 2), and 
steam fraction (Case 3). The geometric and thermo-
physical conditions used in the analyses are the same as 
those in the previous section. The average equivalent 
diameters and the geometric standard deviations of the 
bubble size distributions for three cases are listed in 
Table 1. Changes of the DFs according to the distance 
from the nozzle exit for the three cases are shown in Figs. 
6~8. 

Table 1. Size distribution of the bubbles 
 

Parameter Data 
Avg. [cm] Log (Std.) 

Reference case  
(9.9 mm, Nitrogen, 0.07) 0.564 0.172 

Case 1 
12.7 mm 0.554 0.199 

20.2 mm 0.589 0.191 

Case 2 
Hydrogen 0.562 0.193 

Helium 0.466 0.200 

Case 3 

0.25 0.578 0.181 

0.50 0.545 0.183 

0.75 0.467 0.189 

0.95 0.361 0.163 
 

 
 

Fig. 6. Comparison of DFs for various diameters of the 
nozzle exit 

 

 
 

Fig. 7. Comparison of DFs for various molecular 
weights of non-condensable gases 
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Fig. 8. Comparison of DFs for various steam fractions 
 

As shown in Figs 6 and 7, the differences in the change 
of the DFs as the bubbles rise are less than 40 % 
compared to those in the reference case. These results are 
attributed to the small effect that injector diameters and 
the molecular weight of non-condensable gases, 
respectively have on the ultimate size distributions of the 
bubbles. 

For case 3, when the steam fraction increases higher 
than 0.95, the differences in the change of DFs as the 
bubbles rise become 680 % compared to those in the 
reference case. These results are ascribed to that most 
steam condenses before the globule completely breaks 
up into small bubbles. We, therefore can conclude that 
the steam fraction is the most important factor in the 
calculation of the bubble-size-dependent DFs. 

 
4. Conclusions 

 
In the first part of this study, we proposed a 

calculational procedure for the bubble-size-dependent 
DFs in order to analyze the amount of FPs released 
during the pool scrubbing more realistically. The bubble-
size-dependent DFs were derived from the deposition 
velocities which are functionalized over the size of 
bubbles. The calculational procedure for the bubble-size-
dependent DF was implemented in I-COSTA coupling 
with the bubble-hydrodynamics and bubble-
thermodynamics to obtain the thermophysical conditions, 
i.e., pressures, temperatures, and velocities of the 
bubbles. 

With I-COSTA, we performed two sensitivity 
analyses: one was on the various retention mechanisms 
of the aerosol particles in order to find the dominant 
mechanism of the retention as the bubble size changes, 
the other was on the various size distributions of the 
bubbles in order to find the most important factor in the 
bubble-size-dependent DFs.  

From the sensitivity analyses on the various retention 
mechanisms, we found that the net deposition velocities 
decreased rapidly as the bubble equivalent diameter 
increases. We also found that ~90 % of the net deposition 

velocities came from the centrifugal deposition. 
Therefore, the centrifugal deposition is the most 
dominant retention mechanism. It is also the most 
sensitive mechanism to the change of the bubble size.  

In the sensitivity analyses on the various size 
distributions of the bubbles, we found that the steam 
fraction is the most important factor in the calculation of 
the bubble size-dependent DFs. As the steam fraction 
was higher than 0.95, the difference in the DFs as the 
bubbles rise become 680 % compared to those in the 
reference case. These results were attributed to that most 
steam condenses before the globule completely breaks 
up into small bubbles. For the other cases, there were 
small effects the injector diameters and the molecular 
weights respectively have on the ultimate size 
distributions of the bubbles. 

In the second part of this study, we will apply I-
COSTA to analyze LACE-ESPAÑA experiments for 
validation of the calculational procedure. 
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