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ABSTRACT 
In a postulated accident of fuel pin failure of sodium 

cooled fast reactor, a fission product cesium will be released from 
the failed pin as an aerosol such as cesium iodide and/or cesium 
oxide together with a fission product noble gas such as xenon 
and krypton.  As the result, the xenon and krypton released with 
cesium aerosol into the sodium coolant as bubbles have an 
influence on the removal of cesium aerosol by the sodium pool in 
a period of bubble rising to the pool surface.  In this study, 
cesium aerosol removal behavior due to inertial deposition, 
sedimentation and diffusion from a noble gas bubble rising 
through liquid sodium pool was analyzed by constructing a 
computer program which deals with the expansion and the 
deformation of the bubble together with the aerosol absorption.  
In the analysis, initial bubble diameter, sodium pool depth and 
temperature, aerosol particle diameter and density, initial 
aerosol concentration in the bubble were changed as parameter, 
and the sensitivities of these parameters on decontamination 
factor (DF) of cesium aerosol were investigated.  From the 
results, it was concluded that the initial bubble diameter was 
most sensitive parameter to the DF of cesium aerosol in the 
rising bubble due to the inertial deposition.  It was found that 
the sodium pool depth, the aerosol particle diameter and density 
have also important effect on the DF of cesium aerosol, but the 
sodium temperature has a marginal effect on the DF. 

 To meet these results, the experiments for the investigation 
of cesium aerosol absorption behavior from rising noble gas 
bubble through sodium pool are under planning to validate the 
results for the sensitivities of above-mentioned parameters on the 
DF of cesium aerosol in the analysis. 
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NOMENCLATURE 
U   bubble rising velocity [m/s] 
ρ   bubble density [kg/m3] 
ρ   sodium density [kg/m3] 
r   equivalent sphere diameter of bubble [m] 
E  eccentricity of bubble (= r /r ) 
r   long axis radius [m] 
r   short axis radius [m] 
C   drag coefficient [-] 
𝑃 𝑟 , 𝑥  bubble pressure [N/ m2] 
𝑃 ∞,𝑥  head pressure [N/ m2] 
𝛼   aerosol absorption coefficients by inertial   

deposition [1/m] 
𝛼   aerosol absorption coefficients by     

sedimentation [1/m] 
𝛼   aerosol absorption coefficients by     

Brownian diffusion [1/m] 
𝜏  relaxation time [s] 
𝐷   diffusion coefficient of aerosol [m2/s] 
𝑚  aerosol mass [kg] 

 
1. INTRODUCTION 

 In a postulated accident of fuel pin failure of a fast breeder 
reactor, fission products will be released from the failed pin to 
the primary cooling system including the cover gas system and 
further to the environment in extreme cases.  Among the fission 
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products, the release of cesium radioisotopes is very important 
for an assessment of radiological consequences due to their 
larger inventory and higher volatility.  Thus, the increase in the 
released cesium mass will be more important to the safety 
assessment, to which measured release data are required to be 
applied.  The cesium is known to be released as cesium iodide 
and/or cesium oxide from the failed pin.  The xenon and 
krypton released with the cesium compounds into the sodium 
pool as bubbles, however, have an influence on the removal of 
cesium with sodium in a period of bubble rising to the sodium 
surface. 

Some experimental studies were made to obtain the 
decontamination factor DF defined by the ratio of the initial 
aerosol mass in the mixed gas bubble to the released mass into 
the cover gas in the case of core disruptive accident (CDA) of 
LMFBR [1].  These out-of-pile experiments related to rising 
bubble in water and/or sodium pool were conducted in France, 
the United States and Germany.  The experiments were called 
EXCOBULLE/CARAVELLE, Fuel Aerosol Simulation Test 
(FAST) and FAUST, respectively [1-3].  A variety of 
experimental parameters such as water/sodium pool, inventory 
of the pool and aerosol elements (e.g., UO2, Fe, Ni) were set up.  
Furthermore, in Japan, the time-dependent mass transfer rate of 
iodine from a xenon-iodine mixed gas bubble to a liquid sodium 
pool and the DF were determined quantitatively [4-5].  The DFs 
are known to depend strongly on the several parameters such as 
depth of sodium pool, an aerosol particle size and a discharge 
overpressure of bubble.  However, the analysis models and the 
quantitative evaluation results concerning the cesium aerosol 
removal from a xenon-cesium mixed gas bubble rising through 
a sodium pool have not been available so far. 

The aims of the present study are to analyze the cesium 
aerosol removal behavior due to inertial deposition, 
sedimentation and Brownian diffusion from a noble gas bubble 
rising through a sodium pool by developing a program with 
solutions of the equation of motion for the rising bubble 
considering the expansion and the deformation of the bubble 
together with the aerosol absorption. 
 
2. ANALYTICAL STUDY 
2.1 Calculation Models 
     To analyze the cesium aerosol removal behavior from a 
noble gas bubble rising through a sodium pool, the analysis 
models shown in Fig. 1 were developed by constituting the 
following equations: 
 
a) Equation of motion for rising bubble in the sodium pool, 
 

・π・r ・ ρ ・ρ ・ ・𝜋・r ・

           ρ ρ ・𝑔 C ・
・
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b) Bubble expansion due to head pressure change [6], 
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, ,
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c) Aerosol absorption coefficients by inertial deposition 𝛼 , 

sedimentation 𝛼  and Brownian diffusion 𝛼  [7], 
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In the bubble rising phase, the shape regimes of the rising bubble 
were evaluated using its eccentricity E (= Long axis radius 
r /Short axis radius r ) based on Tadaki number [8].  Based on 
the results of E, the drag coefficient C  of the bubble due to the 
deformation was considered based on Morton number and 
Eötvös number [8].  The equivalent sphere diameter r  in Eqs. 
(1) to (5) was calculated using E, long axis radius r  and wake 
angle θ of the bubble [8]. 
      The decontamination factor DF of cesium aerosol by 
sodium pool was obtained by the ratio of the initial aerosol 
inventory in the bubble to the inventory in the bubble in each 
time step. 
 

 
FIGURE 1: BUBBLE RISING BEHAVIOR AND CESIUM 
AEROSOL REMOVAL FROM THE BUBBLE 
 
2.2 Parameters and Its Ranges 
     Table 1 shows the parameters and their ranges in the 
parametric calculations.  As shown in Table 1, 6 kinds of 
parameters, initial bubble diameter, sodium pool depth, aerosol 
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diameter, aerosol density, initial aerosol concentration in the 
bubble and sodium pool temperature, were selected in the 
calculation and one parameter was changed for the reference 
case in each calculation. 
 

TABLE 1: PARAMETERS AND ITS RANGES FOR 
SENSITIVITY ANALYSIS 

 
 
2.3 Analysis Results of Bubble Rising Behavior 

Figure 2 shows the bubble rising velocity and the location 
of different bubble diameter (1cmΦ, 3cmΦ, 5cmΦ) in sodium pool 
of 5m depth.  As shown in this figure, the rising velocity 
reaches the terminal velocity just after the bubble rising in all 
cases and larger the bubble size, the rising velocity becomes 
faster.  Figure 3 shows the eccentricity E and the drag 
coefficient C   of the bubble rising through the sodium pool.  
The eccentricity becomes about 2 in 1cmΦ bubble and about 4 
in 3cmΦ and 5cmΦ bubbles, the former indicates Ellipsoidal 
shape and the latter indicates Spherical-cap shape according to 
R.Clift, et al. [8]. 

 

 
FIGURE 2: RISING VELOCITY AND LOCATION OF RISING 

BUBBLE IN SODIUM POOL AT 500 ℃ 

FIGURE 3: ECCENTRICITY AND DRAG COEFFICIENT OF 
RISING BUBBLE 

 
2.4 Analysis Results of Decontamination Factor 
      Figures 3 to 9 show the analysis results of 
decontamination factor in each parametric calculation.  As 
shown in these figures, the initial bubble diameter, the sodium 
depth, the aerosol diameter and the aerosol density have their 
strong sensitivities against decontamination factor DF and it is 
found that the initial bubble diameter, the aerosol diameter and 
the aerosol density are especially very important parameters for 
the evaluation of DF.  On the other hand, the sensitivity of the 
aerosol concentration to DF could not be found as shown in Fig. 
8.  It could be explained that because the agglomeration of the 
aerosol in the bubble was not considered in the models, the 
growth of the aerosol particle could not be occurred in the case 
of dense aerosol concentration. 
      Table 2 shows the summary of final decontamination 
factors in all cases which were obtained at the arrival time of 
bubble to the sodium pool surface.  From this table, the small 
bubble diameter and the large aerosol diameter and density 
induced the large decontamination factor.  To investigate which 
absorption mechanism is the dominant to remove the cesium 
aerosol from the rising bubble, the aerosol absorption 
coefficients by inertial deposition 𝛼 , sedimentation 𝛼  and 
Brownian diffusion 𝛼  in each calculation case are compared 
in Table 3.  As shown in Table 3, it was found that the inertial 
deposition was a dominant mechanism to remove the aerosol 
from the bubble in all cases.  Especially, the aerosol absorption 
coefficients by inertial deposition 𝛼   in the cases of small 
bubble diameter, large aerosol diameter and large aerosol density 
indicate the large DF values.  It could be understood that the 
centrifugal force F which contributes to the inertial deposition of 
aerosol in the bubble can be expressed as: 
 

F ∙
 .                              (6) 
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According to Eq. (6), the centrifugal force F is inversely 
proportional to the bubble diameter and proportional to the 
aerosol mass that is equivalent to the aerosol diameter and the 
density. 
 

 
FIGURE 4: DECONTAMINATION FACTOR BY DIFFERENT 

BUBBLE  DIAMETER (1cmΦ, 3cmΦ, 5cmΦ) 
 

 
FIGURE 5: DECONTAMINATION FACTOR IN DIFFERENT 

SODIUM POOL DEPTH (300 cm, 500cm, 800cm) 
 

 
FIGURE 6: DECONTAMINATION FACTOR BY DIFFERENT 

DIAMETER AEROSOL (1μmΦ, 5μmΦ, 10μmΦ) 

 

 
FIGURE 7: DECONTAMINATION FACTOR BY DIFFERENT 

AEROSOL DENSITY (1g/cm3, 3g/cm3, 5g/cm3) 
 

 
FIGURE 8: DECONTAMINATION FACTOR BY DIFFERENT 
AEROSOL CONCENTRATION (1.56g/cm3, 15.6g/cm3, 156g/cm3) 

 

 
FIGURE 9: DECONTAMINATION FACTOR IN DIFFERENT 

SODIUM POOL TEMPERATURE (400℃, 500℃, 600℃) 
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TABLE 2: FINAL DECONTAMINATION FACTOR 
( ARRIVAL TIME OF BUBBLE TO POOL SURFACE) 

 
 

TABLE 3: AEROSOL ABSORPTION COEFFICIENT: α (1/m) 
IN EACH CASE （AT POOL SURFACE） 

 
 
3. EXPERIMENT PLAN FOR VALIDATION 

The experiments for the investigation of cesium aerosol 
absorption behavior from a noble gas bubble rising through a 
sodium pool are under planning to validate the results for the 
sensitivities of above-mentioned parameters on the DF of cesium 
aerosol in the analysis. 

Figure 10 shows the image of the experimental apparatus 
under discussion. It is like the SABER experimental equipment 
which was used to investigate the iodine absorption from a noble 
gas bubble rising through liquid sodium pool [4-5].  The 
sodium tank is designed to hold over 2000 mmH of sodium pool 
level and to control the sodium pool temperature to 
approximately 500±100℃ at 1 atm.  In the experiments, a noble 
gas bubble mixed with cesium aerosol will be generated at the 
bottom of the sodium pool, and the cesium aerosol released into 
the cover gas will be collected at the pool surface.  The DF will 
be estimated by quantifying the amounts of the cesium aerosol 

in the mixing container and the collected mass of cesium aerosol 
in the cover gas.  The experiments will be carried out by 
changing the sodium pool depth to measure the time-dependence 
of DF during the rising of noble bubble through the sodium pool. 

To determine the experimental conditions, we must note that 
two mechanisms are unknown in the fuel pin failure accident.  
The first is the cesium aerosol formation process, which 
determines the aerosol diameter, the aerosol density and the 
aerosol concentration in the noble gas bubble.  In the 
experiments, some reagents such as CsI (4.51 g/cm3) and Cs2O 
(4.65 g/cm3) will be used as the cesium aerosol.  The other is 
bubble release process, which is very complex and influences the 
initial bubble diameter.  According to R.Clift, et al. [8], a 
criterion for stability of a bubble in liquid sodium are determined 
by the capillary length of sodium.  Because the diameter of a 
stable bubble is calculated to less than 27 mmΦ by the length, the 
initial diameter of the noble gas bubble should be less than 25 
mmΦ for the DF estimation in the case of the single bubble. 
 

 
 

FIGURE 10: IMAGE OF EXPRIMENTAL APPARATUS FOR 
VALIDATION OF SENSITIVITY ANALYSIS 

 

4. CONCLUSION 
The initial bubble diameter, the sodium depth, the aerosol 

diameter and the aerosol density could be deduced as the 
important parameters for the evaluation of DF.  However, the 
sensitivity of aerosol concentration to DF could not be found 
because the agglomeration of the aerosol in the bubble was not 
considered in the models.  It will be presumable that the effect 
of aerosol concentration on DF could be found by introducing 
the agglomeration model into the models due to the growth of 
aerosol diameter.  It was found that the inertial deposition was 
a dominant mechanism to remove the aerosol from the bubble.  



 6 © 2019 by ASME 

The experiments for the investigation of cesium aerosol 
absorption behavior from a noble gas bubble rising through a 
sodium pool are under planning to validate the results of the 
sensitivity analysis.  To determine the experimental conditions, 
the cesium aerosol formation process and the bubble release 
process in the fuel pin failure accident should be made clear.  In 
reference to this sensitivity analysis, some experimental 
conditions were discussed. 
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