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1. Introduction 

 
The integrity of the nuclear power plants (NPPs) in the 

station blackout accident is an important design 

requirement after the Fukushima accident. To enhance 

the integrity of the NPPs, researches and development 

related to passive safety systems operating without 

electricity have been carried out in the nuclear industry. 

Passive containment cooling system (PCCS), which is 

one of the passive safety systems, improves the integrity 

of the containment building. In design basis accidents 

such as loss of coolant accident (LOCA) and main steam 

line break (MSLB), a large amount of steam with high 

energy is discharged into the containment building, and 

the steam increases pressure inside the containment 

building. In these accidents, the PCCS condenses the 

steam on the heat exchanger and reduces the pressure. 

For the development of PCCS, experimental studies 

on steam condensation in the presence of air on flat plates 

or tubes were performed. Table I presents the geometric 

conditions of the heat exchangers in experiments. Uchida 

[1] and Matthew et al. [2] performed experiments using 

the flat plate. The tube data were produced by  Dehbi [3], 

Lee et al. [4], and Kim et al. [5]. Furthermore, many 

correlations to predict the heat transfer coefficient were 

proposed. However, most of the correlations do not 

consider the effect of condensate film. 

In the present study, the condensation model, which 

can consider the effect of condensate film, was 

developed. 

 

2. Development of Condensation Model 

 

2.1 Condensation phenomenon 

 

The condensation is subdivided into the diffusion 

layer and condensate film regions, as shown in Fig. 1. In 

the diffusion layer region, the steam is diffused from the 

bulk to condensate film, and then the steam is condensed 

on the condensate film. The diffusion is caused by the 

difference in the steam mass fraction (Ws) between bulk 

and interface. In the condensate film region, the heat is 

transferred from the interface to the outer wall of a heat 

exchanger. The condensate heat transfer was affected by 

the wave and film thickness. 

The heat transfer coefficient (h) between bulk and 

outer wall can be expressed as follows: 
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h
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Table I: Geometry of heat exchangers 

Experiment 
Plate/ 

Tube 
Geometry 

Uchida [1] Plate 
Width (W): 140 mm 

Height (L): 300 mm 

Matthew al. 

[2] 
Plate 

Width: 457, 914 mm 

Height :2,130 mm 

Dehbi [3] Tube 
Diameter: 38.0 mm 

Length: 3,500 mm 

Lee et al. [4] Tube 
Diameter: 40.0 mm 

Length: 1,000 mm 

Kim et al. [5] Tube 
Diameter: 21.5 mm 

Length: 1,000 m 

Present Tube 

Diameter: 21.5, 33.6,  

42.4 mm 

Length: 1,328, 1,280 mm 

 

 
Fig. 1. Schematic of condensation phenomenon. 

 

where hfilm and hcond are the heat transfer coefficients for 

condensate film and diffusion layer regions.  

 

2.2 Condensate Film 

 

The heat transfer of the condensate film was affected 

by the wave at the gas-condensate interface. Accordingly, 

the correlations considering the wave effect based on the 

Reynolds number of condensate were proposed from the 

previous studies and are as follows: 
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The correlations were validated in previous studies 

and in good agreement with the data of condensate film 

under pure steam conditions. Therefore, the heat transfer 

coefficient of condensate film was obtained from the 

correlations. 

 

2.3 Diffusion Layer 

 

The steam diffused in the diffusion layer region 

condenses on the condensate film. Accordingly, the heat 

transfer coefficient (hcond) was determined by the mass 

flux of the diffused steam, and it is derived based on the 

diffusion: 
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where δ is the diffusion layer thickness and is obtained 

from Sherwood number (ShL): 

L

L
Sh


=

 . (6) 

 

The Sherwood number is related to the diffusion mass 

transfer. The diffusion was affected by the free 

convection, suction effect, curvature of condensing 

surface, and vessel size. Therefore, the correlation for 

Sherwood number was proposed considering these 

effects. 

The effect of the free convection was taken into 

account by the Rayleigh number (RaL). The Rayleigh 

number was defined as follows: 

L LRa Gr Sc=  (7) 

 

where GrL and Sc are the Grashhof number and Schmidt 

number, and they are related to the free convection and 

the property of steam-air mixture, respectively. They are 

expressed: 
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The suction phenomenon occurs when the steam 

condenses on the heat exchanger. Bird [9] proposed the 

suction factor (Θsuction) as follows: 
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It was known that the mass diffusion on the tube was 

affected by the tube radius (R) and length (L). This effect 

is called the curvature effect. To consider the curvature 

effect, the curvature factor (ηcurvature) is proposed based 

on the curvature parameter (γR) as follows: 
0.6max 1, 4.9curvature R  =    (12) 

1/4R
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L
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The curvature effect is negligible when the curvature 

parameter is less than 0.07. Thus, the curvature factor is 

1 in this region, as shown in Fig. 2. 

 

 
Fig. 2. Curvature factor according to curvature parameter. 

 

The steam-air mixture flow in the vessel influences the 

diffusion layer thickness, and the flow is affected by the 

vessel size. The velocity of the steam-air mixture 

supplied is soon dissipated when the vessel size is much 

larger than the heat transfer area. Accordingly, the aspect 

ratio (AR) of heat transfer area (AHT) and cross-sectional 

area (ACS,vessel) of the vessel was defined to consider the 

vessel size effect. The aspect ratio was defined: 

,

HT

CS vessel
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The AR range of the data set is from 0.007 to 2.627, 

and the AR of the single train of the PCCS with respect 

to APR 1400 is about 0.61 [10].  

The correlation for the Sherwood number was 

proposed based on RaL, Θsuction, ηcurvature, and AR as 

follows: 

( )0.3 0.80.19 1 0.2L L suction curvatureSh Ra AR=  +
 (15) 

 

The coefficients in the correlation were determined by 

the regression analysis using the experimental dataset. 
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2.4 Evaluation of Model 

 

The proposed condensation model was evaluated 

using the experimental dataset. Fig. 3 shows the 

predictive results of the proposed model. The model 

predicted 95% of data within the 24% errors. 

The predictive performance of the proposed model 

was compared with those of the existing correlations 

proposed by Dehbi [11], Kim et al. [5], and Lee et al. [12]. 

The correlations are tabulated in Table II. As shown in 

Fig. 4, Dehbi correlation tended to overestimate the 

experimental data. Besides, the error bands of the 

correlations proposed by Kim et al. and Lee et al. were 

greater than that of the proposed model. Therefore, the 

predictive performance of the model is better than those 

of the existing correlations. 

 

Table II: Existing correlations 

Dehbi correlation [11]: 
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Kim et al. correlation [5]: 
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Lee et al. correlation [12]: 
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Fig. 3. Evaluation of proposed condensation model. 

 

 
Fig. 4. Evaluation of existing correlations. 

 

3. Conclusions 

 

The condensation model was developed considering 

the characteristics of heat transfer in the condensate film 

and diffusion layer regions. For this, the correlation of 

Sherwood number was proposed based on the effects on 

steam diffusion, such as free convection, suction, 

curvature, and vessel size. The proposed condensation 

model can predict the heat transfer coefficients of 

condensation on the flat plates and tubes. Furthermore, 

the predictive performance was significantly improved. 
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