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1. Introduction 

 
Regulations on nuclear power plants have been 

strengthened since the Fukushima NPP accident. The 

severe accident regulation requires that the cumulative 

frequency of accidents with cesium emission higher than 

100 TBq is less than 1.0E-06/Rx year [1]. The integrity 

of containment should be ensured to prevent the release 

of radioactive nuclides. However, if bypass accident like 

SGTR and ISLOCA occurs, the radioactive materials are 

directly released into the environment even if the 

integrity of the containment is ensured. Protection of 

public health and minimization of environmental 

pollution should be realized even under such accidents. 

Therefore, a release of radioactive material should be 

minimized, and it is also crucial to accurately estimate 

the amount of radioactive material released. In this paper, 

decontamination factors(DF) during the pool scrubbing 

process were calculated. For the purpose, pool scrubbing 

code was developed and the calculated results have been 

compared with POSEIDON-Ⅱ experiments. 

 

2. Methods  

 

Pool scrubbing is a phenomenon in which aerosols in 

a gas bubble are trapped at the interface between bubble 

gas and fluid.  In this section, main correlations used to 

model the pool scrubbing phenomenon are described. 

The pool scrubbing effect can be considered in two 

regions: injection region and bubble rising region.  

 

2.1 Injection region 

 

 A globule is formed due to an injection of gas containing 

the aerosols at the injection region. The globule is very 

unstable, so it breaks up into many small bubbles and 

become stable. In this part, the aerosols are removed due 

to the inertial impaction and rapid injection rate but also 

are removed by other mechanisms. 
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Fig 1. Schematic diagram of pool scrubbing 

 

2.1.1 Globule formation  

 

The formation of a globule is strongly related to the 

velocity of the inlet gas and the orifice diameter. For a 

vertical orifice case, Initial globule volume can be 

expressed as follow [2]:  

 

𝑉𝐺𝑙𝑜𝑏𝑢𝑙𝑒 = 0.0505(1000𝑈𝑜)0.95(1000𝐷𝑜)2.3810−9 (1) 

 

2.1.2 Aerosol removal at the injection region 

 

There are five main removal mechanisms at the 

injection part. Inertial impaction occurs when fast gas 

collides with stationary liquid. When the gas exits the 

outlet vent at high speed, the initial globule loses its 

velocity quickly. During the process, the forward globule 

interface can capture particles as it slows down and stops. 

Decontamination factor made by inertial impaction can 

be defined as a function of Stokes number [2]: 

 

𝐷𝐹𝐼𝑛𝑗𝑖𝑚𝑝
(𝑆𝑡𝑘) =

1

1−𝛼(𝑆𝑡𝑘)
     (2) 

𝑆𝑡𝑘 =
𝜌𝑝𝑈𝑜𝑑𝑝

2

18𝜇𝑔𝑙
      (3) 

   As the globule breaks at the pool, DF for steam 

condensation mechanism can be expressed as a ratio 

between saturation water pressures [3].  

 

𝐷𝐹𝐼𝑛𝑗𝑐𝑜𝑛
=

𝑋𝑜

𝑋𝑖
      (4) 

 

Each of depositions by centrifugal, diffusional and 

gravitational forces in the globule are divided into two 

regions [3]: injection and detachment. 
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𝐷𝐹𝐼𝑛𝑗𝑐𝑒𝑛
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2.1.3 Globule breakup 

 

As a globule rises, it becomes unstable and split into 

many stable small bubbles. There are three representative 

criteria for a globule breakup. Weber criterion and 

Levich criterion are used in BUSCA code and Battelle 

breakup criterion is used in SPARC code. In the Weber 

criterion, if the Weber number becomes greater than 15, 

a globule breaks. The Levich criterion tells that a globule 

breaks when its internal dynamic pressure exceeds the 

forces of surface tension [4]. The Battelle breakup occurs 

when a globule travels a distance 10 times the initial 

globule diameter. Breakup criteria can be expressed as 

critical diameters [5]: 

 

𝐷𝑐𝑟𝑊𝑒𝑏𝑒𝑟
= 15

𝜎

𝑈𝑏
2

1

𝜌𝑙
     (8) 

𝐷𝑐𝑟𝐿𝑒𝑣𝑖𝑐ℎ
=

𝜎

𝑈𝑏
2 (

12

𝜌𝑔𝜌𝑙
2)

1

3
      (9) 

𝐷𝑐𝑟𝐵𝑎𝑡𝑡𝑒𝑙𝑙𝑒
= 10D𝐺𝑖𝑛𝑖𝑡𝑖𝑎𝑙

               (10) 

 

 

2.2 Bubble rising region 

 

Small bubbles generated from the globule rise until 

they reach the surface of the water. Aerosols in the 

bubbles are removed by five main removal mechanisms. 

As small bubbles rise up, heat transfer and mass transfer 

occur at the interface and the pressure acting on the 

bubble also changes. These change the size of bubbles.  
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Fig 2. Aerosol removal mechanisms 

 

2.2.1 Bubble formation and velocity 

  

The stable small bubbles are known to have a 

lognormal size distribution. Although it is realistic to 

consider all bubbles size with a lognormal distribution, a 

single diameter was used to represent the swarm region. 

A diameter of a small bubble was 0.72cm for non-

condensable gas injection. When steam is mixed in the 

bubble, a diameter of the bubbles changes to a formula 

where the steam fraction is considered [3]. 

 

𝑑𝑏𝑢𝑏 = 0.72𝑒
{2.303[−0.2265+(0.0203+0.0313𝑋𝑛𝑐)

1
2]}

            (11) 

  

 For the bubble rise velocity, terminal velocity was used 

and it has been calculated using Wallis five regime 

theory [6]. 

 

2.2.2 Aerosol removal at bubble rising region 

 

 As the broken bubbles rise, aerosols approach to the 

bubble interface due to Brownian diffusion, inertial 

impaction, sedimentation, diffusiophoresis, and 

thermophoresis. Because of this movement, aerosols that 

existed in the bubble are removed from the pool. The 

mechanism of removal aerosols can be expressed by 

following velocity components [2]: 

 

𝑈𝑔 =
𝜌𝑝𝑑𝑝
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                 (12) 
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𝑈𝑡ℎ =
3𝜇𝑔

2𝜌𝑔𝑇𝐵

𝑘ℎ(𝑇𝐵−𝑇𝑝)𝐶𝑛

𝐾𝑔

𝐾𝑔

𝐾𝑝
+

2.48𝜆𝑔

𝑟𝑝

(1+
3𝜆𝑔

𝑟𝑝
){1+2(

𝐾𝑔

𝐾𝑝
+

2.48𝜆𝑔

𝑟𝑝
)}

      (16) 

𝐶𝑛 = 1 + 2.493
𝜆𝑔

𝑑𝑝
+ 0.84

𝜆𝑔

𝑑𝑝
𝑒𝑥𝑝(−0.435

𝑑𝑝

𝜆𝑔
)      (17) 

𝐷𝑝 =
𝑘𝑇𝐵𝐶𝑛

3𝜋𝜇𝑔𝑑𝑝
                 (18) 

 

Net deposition velocity consists of five particle capture 

mechanisms used to define decontamination factor [3].  

 

𝑈𝑛𝑒𝑡 = 𝑈𝑔 + 𝑈𝑖𝑚𝑝 + 𝑈𝐵𝑟𝑜𝑤 + 𝑈𝑐𝑜𝑛𝑑 + 𝑈𝑡ℎ            (19) 

𝐷𝐹𝑟𝑖𝑠𝑒 = exp [
1

𝑉𝑏
∫ ∫ 𝑈𝑛𝑒𝑡𝑑𝐴𝑑𝑡 

 

𝐴

𝑡𝑏

0
]             (20) 

 

2.2.3 Heat and mass transfer of bubbles 

 

Heat transfer due to the temperature difference 

between the rising bubbles and pool occurs, which 

changes the temperature of bubbles. The mass transfer 

also occurs due to condensation of vapor at the bubble 

interface. For spherical bubbles, following correlations, 

dependent on the Reynolds number, are proposed [2]. 

 

For 𝑅𝑒 < 150 ∶    

𝑆ℎ = 2 + 0.6𝑅𝑒
1

2𝑆𝑐
1

3               (21) 

𝑁𝑢 = 2 + 0.6𝑅𝑒
1

2𝑃𝑟
1

3               (22) 

 

𝑅𝑒 ≥ 150: 

𝑆ℎ = 1.1284√
𝑈𝐵𝑑𝐸

𝐷𝐺
               (23) 

𝑁𝑢 = 1.1284√
𝑈𝐵𝑑𝐸

𝛼
               (24) 
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 In order to calculate the steam condensation rate, flux 

of water vapor across a phase change interface was used 

[2]. 

 
dms

𝑑𝑡
= −

𝑀𝑠𝑃𝐵

𝑅𝐺𝑇𝐵
𝑘𝑚𝐴 𝑙𝑛 (

1−𝑋𝑠𝑖

1−𝑋𝑠
)              (25) 

A condition at the interface around a bubble has been set 

to be in equilibrium.  

Xsi =
𝑃𝑠𝑎𝑡(𝑇𝑃)

𝑃𝐵
               (26) 

 

3. Result and discussion 

 

3.1 Comparison to POSEIDON-Ⅱ experiments 

 

 Calculated results are compared the POSEIDON-Ⅱ 

experiments. POSEIDON-Ⅱ experiment consists of a 

number of tests which evaluates the dependence of DF 

on water height, carrier gas steam mass fraction and 

particle diameter.  The test range of experiment is 

tabulated in Table 1 [7]. 

 
Table 1. POSEIDON-Ⅱ test range 

Pool temperature (°C) 63 ~ 91 

Pool height (m) 0.3, 1, 2, 4 

Inlet gas flow (kg/h) 87 ~ 153 

Inlet steam mass fraction 0 ~ 0.75 

Gas temperature (°C) 212 ~ 311 

Orifice diameter (cm) 2  

Composition Nitrogen, Steam, SnO2 

 

 Following are assumptions used to simulate the 

experiment. 

 SnO2 density is 6950 kg/m3. 

 The aerodynamic mass median diameter of the 

inlet aerosol particle is 0.31 μm. 

 Inlet aerosol particle size has a lognormal 

distribution. 

 Globule breaks right after the injection because of 

the high injection flow rate.  
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Fig.3 Experimental vs. calculated DF 

 

 Figure 3 shows the comparison between the code 

calculated DF and the experimental DF. In the low DF 

region, developed code predicts well the experiment. In 

contrast, in the high DF regions, calculated DFs is much 

higher than the experimental DFs. Overall, the calculated 

result a similar trend with the conventional code like 

BUSCA. The main reason for discrepancies in the 

BUSCA and the present code may have three reasons. 

The first reason is due to the bubble. In BUSCA, the 

diameter of the initial bubble was fixed at 5.6 mm, but 

the present code uses the correlation according to the 

steam mole fraction. The second reason is that BUSCA 

did not consider condensation effect at the injection 

region, but the present code considers this effect. The 

third reason is due to aerosol size distribution. There is 

no information about aerosol size distribution in BUSCA 

calculation. The size distribution of aerosols is a crucial 

factor because the diameter of aerosols is very important 

because it directly affects DF. The deviation at the high 

DF regions may attribute to the flow regime since such 

high-velocity condition adopted in the experiment would 

lead to the Churn-turbulent regime, not a bubbly regime 

used in the calculation. Therefore, reasonable 

correlations concerning velocity should be considered to 

simulate experiments. 

 

4. Conclusion 

 

 Pool scrubbing code was developed to calculate 

aerosol retention in the pool using existing aerosol 

removal mechanisms. The developed code was 

compared with the POSEIDON-Ⅱ experiment. It 

currently uses terminal velocity correlations and is 

different from the velocity measured in actual 

experiments - different flow regime. Further approaches 

are needed to reflect the real phenomenon. 

 

Notation 

 

𝐶𝑛 Cunningham slip factor 
𝐷𝑜 injection velocity 
𝐷 diffusion coefficient for particle 

𝐷𝑐𝑟𝑊𝑒𝑏𝑒𝑟
 critical diameter of Weber criterion 

𝐷𝑐𝑟𝐿𝑒𝑣𝑖𝑐ℎ
 critical diameter of Levich criterion 

𝐷𝑐𝑟𝐵𝑎𝑡𝑡𝑒𝑙𝑙𝑒
 critical diameter of Battelle 

𝐷𝐺 gas diffusivity 
𝐷𝑔 globule diameter 

𝑑𝑏𝑢𝑏 bubble diameter 
𝑑𝑝 particle diameter 

𝐷𝐹𝐼𝑛𝑗𝑖𝑚𝑝
 DF due to impaction at injection region 

𝐷𝐹𝐼𝑛𝑗𝑐𝑜𝑛
 DF due to condensation at injection 

region 
𝐷𝐹𝐼𝑛𝑗𝑐𝑒𝑛

 DF due to centrifugal force at injection 

region 
𝐷𝐹𝐼𝑛𝑗𝑑𝑖𝑓

 DF due to diffusion at injection region 

𝐷𝐹𝐼𝑛𝑗𝑔𝑟𝑎
 DF due to gravitation at injection region 

𝑓 friction factor 
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𝑘 Boltzmann’s constant 

𝐾𝑔 bubble gas thermal conductivity 
𝑘ℎ heat transfer coefficient 
𝑘𝑚 mass transfer coefficient 
𝐾𝑝 thermal conductivity of the particle 
𝑙 characteristic length 

𝑁𝑢 Nusselt number 
𝑃𝑟 Prandtl number 
𝑅𝑐 radius of curvature 
𝑅𝑒 Reynolds number 
𝑅𝐺 gas constant 
𝑟𝑝 particle radius 
𝑆𝑐 Schmidt number 
𝑆ℎ Sherwood number 
𝑇𝐵 bubble temperature 
𝑡𝑏 bubble rise time 
𝑡𝑓 globule filling time 
𝑇𝑝 pool temperature 

𝑡𝑠𝑡𝑜𝑝 stopping time 
𝑈𝑜 injection velocity 
𝑈𝐵 bubble velocity 
𝑈𝑐 centrifugal capture velocity 
𝑈𝑔 gravitational velocity 

𝑉𝐺𝑙𝑜𝑏𝑢𝑙𝑒 globule volume 
𝑋𝑜 mole fraction of non-condensable in the 

gas after it attains thermal and vapor 

equilibrium 
𝑋𝑖 mole fraction of non-condensable in 

inlet gas 
𝑋𝑛𝑐 mole fraction of non-condensable gas 
𝑋𝑠 steam mole fraction 
𝛼 thermal diffusivity 
𝜎 bubble surface tension 

𝜇𝑔 gas viscosity 
𝜆𝑔 mean free path of gas molecules 

 
𝜌𝑔 gas density 
𝜌𝑙 pool liquid density 
𝜌𝑝 particle density 
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