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Abstract: In loss of coolant accidents (LOCAs), steam condensation in the presence of air is of vital 

importance. This is due to the initial and long term containment residual heat removal are closely related to the 

condensation heat transfer efficiency. In related numerical analyses, the diffusion boundary layer condensation 

model has been developed for the containment thermal-hydraulic analysis. However, the sensitivity of this 

model to some influential factors has not been quantitatively evaluated. In the present work, by analyzing 

mechanisms of the condensation model, three factors were concluded to be influential on the steam 

condensation model. They are: the mass transfer caused by the large temperature gradient in the near wall 

region (Soret effect), the effect of various diffusion coefficients on the model accuracy (Diffusion coefficient 

effect) and the effect of the mass fraction gradient in the near wall region (wall treatment effect). The influence 

of these factors was evaluated delicately based on numerical analysis on the COPAIN facility. The results 

indicate that the Soret effect takes around 5% in the total mass transfer in the saturated group and can be more 

than 40% in the superheated group; the maximum relative difference among various diffusion coefficient 

equations is 26%, and the value varies with air mass fraction and wall sub-cooling; the automatic wall 

treatments can give reasonable predictions on condensation heat transfer performance, and the accuracy of 

different wall treatment methods various.  
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1. Introduction1 
Steam condensation in the presence of air is an 

important heat transfer process in various 

engineering applications including the design of heat 

exchangers and the employment of the passive 

containment cooling system in the third generation 

nuclear power plants [1,2]. To investigate the influence 

of air on condensation heat transfer, various 

experimental and theoretical studies have been 

performed [1,3-5]. The experimental studies show that 

air has an obvious deterioration effect on 

condensation heat transfer, leading to its 

condensation heat transfer coefficient an order of 

magnitude smaller than that of the pure steam 

condensation. Theoretical analysis indicates that the 

main thermal resistance for steam condensation in the 

presence of air lies in the high concentration air layer 

in the near-wall region rather than the water film 

attached on the heat transfer surface [6-9]. These 

studies laid foundations for related research area and 

                                                 
Received date: April 21, 2018 

(Revised date: June 21, 2018) 

some conclusions have already been used in the 

nuclear safety systematic analysis. 

 

Enlightened by the Fukushima nuclear accident and 

promoted by the fast growth of computational 

performance, there is an increasing demand in 

multi-dimensional simulations on containment 

thermal hydraulics. Amongst various related 

numerical models, steam condensation in the 

presence of air is the most important one. It directly 

affects the containment residual heat removal, and 

determines local field distributions. In the past few 

decades, two commonly used steam condensation 

models have been developed. One is the experimental 

correlation model, and the other is the diffusion 

boundary layer model [10].  

 

The experimental correlation model is based on 

condensation heat transfer coefficient experimental 

correlations in terms of air mass fraction, pressure, 

wall sub-cooling etc., and in calculations, the total 

condensation heat transfer is calculated by the 

Newton’s law of cooling. The condensation rate is 
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calculated by dividing the total heat transfer by the 

steam latent heat. However, this model is based on a 

certain experiment and only applicable within the 

experimental parameter range. There may have large 

error when it exceeds the experimental parameter 

scope. Moreover, this model is based on the global 

average parameters, so the diffusion of steam through 

the near-wall air layer may not be properly evaluated. 

 

The diffusion boundary layer model is based on the 

diffusion theory or the Fick’s law. This model can 

give reasonable predictions of steam condensation in 

most cases and considered the diffusion of steam 

through the near-wall high concentration air layer. 

Compared to the experimental correlation model, the 

diffusion boundary layer model possesses theoretical 

basis and demonstrates advantages in local 

phenomena analyses. Thus, it is generally applied in 

latest studies and considered to be promising the 

future containment thermal-hydraulic analysis. 

Nevertheless, there are still some concerns related to 

the model sensitivity and application scope. By 

analyzing the diffusion boundary layer model 

equations, three influential aspects are concluded. 

They are: the thermal diffusion effect or the Soret 

effect, diffusion coefficient effect, and the boundary 

concentration gradient effect (wall function effect). 

The detailed depictions of these three effects are as 

follows. 

 

Firstly, in the mass transfer theory, the diffusion of 

steam in the steam-air mixture gas is mainly driven 

by two aspects. One is the concentration gradient in 

the near-wall region, and the other is the temperature 

gradient in this region. The mass transfer driven by 

the latter process is also regarded as the Soret effect. 

In most related numerical simulations, merely the 

concentration gradient induced mass transfer is 

considered. However, in some applications e.g. 

refineries in chemical industries and severe accidents 

in nuclear power plants, there may also exists large 

temperature gradient between the mainstream and 

liquid-gas interface [11,12]. In such circumstances, the 

influence of Soret effect on the total mass transfer 

should also be evaluated. 

 

Secondly, in the evaluation of binary gas diffusion, 

various diffusion coefficient formulas have been 

proposed. Some of them are based on the molecular 

kinetic theory, some are semi-empirical correlation. 

In the previous literature, various diffusion 

coefficient equations have been used in the 

evaluation of steam condensation in the presence of 

air. Typically, the Gilliland equation [13], Fuller 

equation [14], kinetic theory equation [9,15], Marrero 

and Mason equation [11], equation quoted by Yadav [16] 

etc. However, the deviations among these diffusion 

coefficients were not discussed in detailed. 

 

Thirdly, in the application of the diffusion boundary 

layer condensation model, refined boundary layer 

meshes are required, which means the computational 

cost can be considerable. The complex layout of 

containment inner structure may make the number of 

meshes even greater. This may set back the 

applicability of this model in containment 

thermal-hydraulic analysis. A potential answer for 

this concern is using the automatic wall treatment. 

This method could give a reasonable prediction in 

flow and heat transfer in both refined and coarse 

mesh conditions, and it has been generally applied in 

general simulations cases like single phase flow. 

However the applicability of this method in steam 

condensation calculations should be further 

discussed. 

 

2. Numerical method 

2.1 Governing equations and turbulence model 

To evaluate the condensation model sensitivity to the 

three influential factors, the CFD code STAR-CCM+ 

was employed to solve the governing equations, 

turbulence models and diffusion boundary layer 

steam condensation model. The CFD code uses finite 

volume method to solve the conservation equations 

with three dimensional discrete meshes. The mass, 

species, momentum and energy conservation 

equations are as follows. 

 

Mass conservation: 

  mS
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Momentum conservation: 
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Energy conservation: 
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Species conservation: 
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In addition to the basic governing equations, 

turbulence models are also required to assess the 

turbulent kinetic energy and turbulent dissipation rate. 

The STAR-CCM+ code recommended realizable k-ε 

turbulence with two layers all y+ treatment was 

employed. The all Y+ wall treatment is a hybrid 

treatment that emulates the low-Y+ wall treatment 

for fine meshes and the high-Y+ wall treatment for 

coarse meshes. It is also formulated with the 

desirable characteristic of producing reasonable 

answers for meshes of intermediate resolution, that is, 

when the wall-cell centroid falls within the buffer 

region of the boundary layer. The governing 

equations of the Realizable k-ε turbulence model are 

as follows. 
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2.2. Condensation model 

The original governing equations and turbulence 

models cannot directly evaluate steam condensation, 

so additional equations for steam condensation rate 

are required. In the diffusion boundary layer 

condensation model, the steam condensation rate is 

derived from the combination of steam and air mass 

transfer equations [17] and the final equation is: 
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The simulation of steam condensation is realized by 

proper treatments of the source terms in the 

governing equations. The source terms of mass, 

momentum and energy are: 

Mass source term: 
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Where, the diffusion coefficient D was generally 

predicted by the empirical correlation proposed by 

Fuller [18]: 
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Where T0 is the standard state temperature of 298 K, 

P0 is standard pressure of 0.1MPa, D0 is the mass 

diffusion coefficient of 2.6×10-5 m2/s. 

Momentum source term: 

w mS S w                 (9) 

Energy source term: 

h m vS S h               (10) 

 

3. Validation of the condensation 

model 

Before evaluating the influencing factors, validations 

of the diffusion boundary layer steam condensation 

model were firstly performed based on the COPAIN 

experiment [19]. The COPAIN experiments were 

carried out to investigate the relationship between 

condensation heat transfer and influential parameters 

including pressure, temperature, gas velocity and air 

mass fraction. As shown in Fig. 1, the test facility 

mainly consists of a vertical rectangular channel with 

a cross section of 0.6 m by 0.5 m. A condensation 

plate is on one sidewall of the channel with an area of 

0.6 m by 2.0 m. In order to validate the diffusion 

boundary layer model in a broad parameter range, six 

typical experimental cases were selected. In these 

cases, the flow conditions include natural convection, 

free convection and forced convection with velocities 

ranging from 0.1 m/s to 3 m/s. 

 

To simulate the six experimental cases, proper 

boundary conditions were set on various surfaces. 

The top surface was set as velocity inlet with various 

gas components and temperatures, the bottom surface 

was set as pressure outlet, the condensation wall was 

set as a constant temperature boundary and other 

walls were considered in an adiabatic condition. To 

reduce computational costs, the symmetric 

simulation was applied. The detailed parameters for 

the COPAIN simulation cases are listed in Table 1. 
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Fig. 1. Schematic diagram of COPAIN experiment. 

 

Fig. 2 shows local heat flux comparisons between 

CFD calculated results and experimental data. It 

demonstrates that, in Z direction, the heat flux 

distributions predicted by numerical method 

generally agree well with the experimental data. Both 

results indicate that the heat flux has a large decrease 

in the initial region, then followed by a relatively flat 

heat flux distribution. By comparing the CFD results 

and the experimental ones at the measuring points, it 

illustrates that more than 93% numerical results are 

within 25% deviation of experimental data. Hence, 

the diffusion boundary layer model could give a 

reasonable prediction of condensation heat transfer 

property under various flow conditions. 

 

 

(a) Cases of P0441, P0443 and P0444 

 
(b) Cases of P0242, P0264 and P0344 

Fig. 2. Comparisons of local heat flux at different conditions. 

 

Table 1. The test conditions for the COPAIN experiment 

Test 

 Number 

Convective  

heat transfer 
Inlet velocity (m/s) 

Pressure  

(bar) 

Inlet 

 temperature 

(K) 

Wall 

 Temperature 

 (K) 

Air mass fraction 

P0441 Forced 3 1.02 353.23 307.4 0.767 

P0443 Free 1 1.02 352.33 300.06 0.772 

P0444 Natural 0.5 1.02 351.53 299.7 0.773 

P0344 Natural 0.33 1.21 344.03 322 0.864 

P0242 Forced 2 4.46 422.5 304.28 0.99 

P0264 Natural 0.52 1.19 344.87 313.28 0.867 

 

4. Sensitivity evaluations 

4.1 The Soret effect 

To analysis the Soret effect, both the concentration 

gradient induced mass transfer and the temperature 

gradient induced mass transfer are considered in the 

mass transfer equations as show in Eq.     (11) and 

Eq. (12) [20-22]. A combination of these two equations 

is the total mass transfer at the liquid-gas interface (as 

shown in Eq.          (13)). Considering only the 

steam component condensates at the liquid-gas 

interface, the sum of steam and air mass fraction 

equals a unit, and the sum of DT,v and DT,air equals 

zero [20], so the equation can be rewritten as Eq.              

(14). 
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Substituting Eq.              (14) into Eq.     (11), 

the final expression for the steam condensation rate is 

shown in Eq. (15). It is clear that the equation mainly 

contains two items on the right side which represents 

the concentration diffusion effect and the thermal 

diffusion effect (also the Soret effect) respectively. In 

these two terms, the diffusion property was 

represented by the binary diffusion coefficient D and 

the thermal diffusion coefficient DT. 

 
1

1 1

v T
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DD T
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The binary diffusion coefficient can be predicted by 

the Fuller model [18] (as given in Eq. (9)), and the 

thermal diffusion coefficient is usually predicted by 

the Warnatz model [23]. In the Warnatz model, the 

thermal diffusion coefficient is calculated by the 

thermal diffusion ratio K and the binary diffusion 

coefficient D as shown in Eq. (17), amongst which, 

the thermal diffusion ratio is predicted by the 

molecular kinetic theory as shown in Eq. (17) and Eq. 

(18)). 

TD D K
             (16) 

Where 

v airK aX X           (17) 
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Where, the three collision integral ratios are 

calculated by 
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Where Ωv,air represents collision integrals between 

steam component and air component. It is a nonlinear 

function determining the variation of the distribution 

function resulting from pair collisions. Its value can 

be obtained by table lookup using reduced 

temperature and reduced dipole moment as 

follows[24]. 

* ,

,
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The evaluation of the Soret effect is based on the 

COPAIN experimental facility. Numerical results for 

three COPAIN experimental cases with various inlet 

velocities are shown in Fig. 3-5. In these figures, the 

concentration gradient induced mass transfer mv,C, 

the thermal gradient induced mass transfer mv,T, the 

total mass transfer mv,C+T and the proportion of 

thermal gradient induced mass transfer in total mass 

transfer mv,T /mv,C+T are compared. The results 

demonstrate that all the three mass transfer rates 

decrease in Z direction. This can be explained by the 

condensation model expression together with the 

temperature and concentration gradient distribution 

in the near condensation wall region. In Eq.(15), it is 

clear that the concentration and temperature gradient 

are two main factors that affect the mass transfer 

character.  

Fig. 6 indicates that the concentration and 

temperature gradient decreases along the 

condensation wall in the flow direction which 

facilitates the formation of the decreasing mass 

transfer distribution. 

 

The velocities in these three experimental cases are 

0.5 m/s, 1.0 m/s and 3.0 m/s respectively, and the wall 

sub-cooling is all around 50℃. The results show that 

the velocity has negligible effect on the thermal 

diffusion property and the proportion of the 

temperature gradient induced mass transfer in the 

total mass transfer is around 4%. 
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The temperature gradient induced mass transfer 

proportion of the six simulation cases are shown in 

Fig. 7. It is clear that the maximum values are close 

to the average ones. This is because both the 

concentration and temperature gradient induced 

mass transfer decreases along the condensation wall 

as shown in Fig. 3-5, which leads to a little change 

of the mass transfer ratio. Fig. 7 also indicates that 

the temperature gradient induced mass transfer 

generally takes a small proportion in the last five 

cases with a value around 5%. However, for the case 

P0242, the proportion is around 30%. This could be 

caused by two reasons. One is the large temperature 

difference between condensation wall and 

mainstream, the other is the large air mass fraction. 

 

Table 1 indicates that the temperature gradient of 

case P0242 is 118.2℃, whereas the value in the 

other five cases is in the scope of 22.3~52.3℃. The 

large temperature gradient would enlarge the 

temperature gradient induced mass transfer. The air 

mass fraction in the case P0242 is 0.99 which is 

much larger than the other 5 cases. The large air 

mass fraction may to a large degree sets back the 

concentration gradient induced mass transfer, which 

in return increases the proportion of temperature 

gradient induced mass transfer. 

 

To have an insight on this problem, several cases 

with various air mass fractions and temperature 

gradients are simulated. The simulations can be 

mainly divided into two groups. The first group 

maintains the mainstream steam at its saturation 

temperature, and the condensation wall temperature 

decreases in order to obtain various wall sub-cooling. 

Here, we define it as the saturation group. In the 

second group, the mainstream steam temperature is 

superheated and the degree of it ranges from 0 ℃ to 

120℃. In the meanwhile, the wall sub-cooling is 

maintained at a constant. We define the second 

group as the superheated group. 

 

In the saturation group, the air mass fraction ranges 

from 0.1 to 0.99 and the temperature gradient ranges 

from 20℃to 120℃. The numerical results are 

shown in Table 2. It is concluded that the proportion 

of temperature gradient induced mass transfer in the 

total mass transfer has a slight increase with the 

increase of temperature gradient and the air mass 

fraction. Generally, the proportion is less than 5%, 

which means the thermal diffusion effect could be 

neglected when the mainstream is at its saturation 

state. 

 

 
Fig. 3. Mass transfer rates and mass transfer ratio in P0441. 

 

 
Fig. 4. Mass transfer rates and mass transfer ratio in P0443. 

 

 
Fig. 5. Mass transfer rates and mass transfer ratio in P0444. 
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Fig. 6. Temperature gradient at condensation wall boundary. 
 

Fig. 7. Mass transfer ratio in various cases.

 
Table 2. Mass transfer at various air mass fraction and wall sub-cooling conditions 

Wa ΔT Mc MT MC + MT MT/( Mc+ MT) 

0.1 10 9.47E-03 -4.90E-05 9.43E-03 0.51% 

0.1 60 2.29E-02 3.40E-04 2.32E-02 1.46% 

0.1 120 2.61E-02 7.95E-04 2.69E-02 2.96% 

0.5 10 2.11E-03 2.39E-05 2.13E-03 1.12% 

0.5 60 7.53E-03 2.52E-04 7.78E-03 3.24% 

0.5 120 9.25E-03 5.40E-04 9.79E-03 5.52% 

0.9 10 3.30E-04 1.82E-05 3.48E-04 5.24% 

0.9 50 1.19E-03 4.80E-05 1.24E-03 3.88% 

0.9 80 1.50E-03 7.19E-05 1.57E-03 4.57% 

0.99 10 4.38E-05 2.41E-06 4.62E-05 5.22% 

0.99 20 7.66E-05 3.38E-06 8.00E-05 4.22% 

0.99 30 2.55E-04 3.82E-06 2.59E-04 1.48% 

 

The results of superheated group are shown in Fig. 8. 

It indicates that in the conditions that have large air 

mass fraction and small wall sub-cooling, the 

thermal diffusion proportion has an obvious 

enlargement with the increase of gas superheat. The 

maximum relative difference is more than 40%. 

 
Fig. 8. Mass transfer ratio (ΔT=10℃). 

 

4.2 The diffusion coefficient effect 

The constant of proportionally in Fourier’s law was 

defined as the thermal conductivity. Similarly, the 

constant of proportionality in Fick’s law is defined 

as the binary diffusion coefficient. It means the mass 

of the substance diffuses through a unit surface in a 

unit time at a concentration gradient of unity. The 

theory description in binary gas mixtures at low to 

moderate pressures has been well developed by 

Chapman and Enskog independently between 1910 

and 1920. The theory results from solving the 

Boltzmann equation, and the derived equation is 

given as 
3/2

2

1/2 2

0.0266
/

AB AB D

T
D m s

PM 



       (24) 

Even though the theoretical equation could provide a 

reasonable prediction in various conditions, 

parameters like the molecular collision integral and 

character length is complicated to evaluate. For the 

sake of providing a simplified diffusion coefficient 

equation in engineering applications, Gilliland 

correlated an equation with new experimental data 

of various organic vapors at one atmosphere at 

temperatures from 25.9℃ to 341℃ in 1934. The 

modified correlation is based on the Maxwell’s 

original equation, and its final form is described as 
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In the subsequent few decades, some other 

simplified recommended empirical collations for 

diffusion coefficient are provided, such as the 

classical Fuller equation in 1966 [18] and the Marrero 

and Mason equation in 1972 [25]. Similar equation 

forms with different constants and power exponents 

are also quoted in the recent condensation numerical 

simulations. For instance the equation quoted by 

Yadav [11]. The calculation expressions are given as 

follows 

(1) Fuller 

1.75 1

0

0 0

( ) ( )
T P

D D
T P


           (26) 

(2) Marrero and Mason 
2.072

51.87 10
T

D
P

           (27) 

(3) Yadav quoted 

4 3/2 14.88 10D T P           (28) 

To evaluate the diffusion coefficient effect in a large 

parameter scope, cases with various air mass 

fractions and wall sub-cooling were simulated. The 

air mass fraction ranges from 0.1 to 0.9, and the wall 

sub-cooling is between 10 and 40℃. Since the 

diffusion coefficient is considered to have a negative 

power relationship with the pressure in all the five 

equations, the influence of pressure is neglected. The 

pressure is chosen as 0.2 MPa and the mainstream 

velocity is 0.5 m/s. The simulated average heat 

transfer coefficient distribution is shown in Fig. 9. 

The result indicates that the condensation heat 

transfer coefficient calculated by various diffusion 

coefficients demonstrates different distributions. 

Generally, the maximum relative difference 

increases with the decrease of air mass fraction with 

a value between 12% and 26%. The maximum 

deviation appears at the air mass fraction of 0.1. The 

comparison between Fig. 9 (a) and Fig. 9 (b) 

indicates that the wall sub-cooling also has an effect 

on the maximum relative difference, but it is not as 

obvious as the air mass fraction. 

 

 

 

 

 

 

 

The local heat flux profiles obtained by various 

diffusion coefficient expressions at an air mass 

fraction of 0.1 are shown in Fig. 10. It demonstrates 

that the heat flux distribution can be mainly 

classified into two regions, one is the decrease 

region, and the other is the slow increase region. In 

addition, the decrease region can be further divided 

into two sections. One is the fast decrease section, 

and the other is the low decrease section. The 

differences among various diffusion coefficient 

models is large at the fast decrease section. Then, the 

relative difference is maintained at a relative small 

value at the slow decrease section, until a further 

enlarge in the slow increase region. 

 

The above discussions indicates that the application 

of various diffusion coefficient expressions has 

influence on the effective evaluation of condensation 

heat transfer property. Since all of the five 

expressions have been commonly applied in the 

previous researches, the reasonable application of a 

diffusion coefficient model should be specified. The 

kinetic theory is originally derived from the 

Boltzmann equation. It has theoretical bases and 

could give reasonable predictions in various mixture 

gases, whereas the deviation could be large due to 

the theoretical assumptions. Gilliland proposed a 

simplified empirical model in engineering 

application; however, the equation is correlated by 

various binary gas mixtures, so the deviation may be 

large when applying to a specific mixture like 

steam-air. The Fuller model and Marrero model are 

updated models with parameters specific for the 

steam-air mixture and the simulation results by these 

two models are similar to each other. Thus, the 

Fuller model and Marrero model are recommended 

in the steam condensation simulations. To have an 

insight on this problem, further experimental 

investigations should be carried out to validate the 

applicability of the diffusion coefficient calculation 

models. 
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(a) P=0.2 MPa, ΔT=40℃ 

 
(b) P=0.2 MPa, ΔT=40℃ 

Fig. 9. Average heat transfer coefficient obtained by various 

diffusion coefficients. 

 

 
 

(a) Wa=0.1, ΔT=10 

 
(b) Wa=0.1, ΔT=40 

Fig. 10. Local heat flux obtained by various diffusion 

coefficients. 

4.3 The wall treatment effect 

To evaluate the wall treatment effect in a large 

parameter range (e.g. velocity, air concentration and 

pressure), all the six experimental cases listed in 

Table 1 were considered. In the mesh generation 

process, the total thickness, increasing ratio and total 

layers of prism meshes were controlled delicately to 

ensure the first layer of boundary mesh in within the 

particular region (viscous sub-layer, buffer layer or 

log-law layer). The total boundary layer thickness 

ranges from 0.02 m to 0.06 m, the increasing ratio 

ranges from 1.1 to 1.4 and the total layer of prism 

mesh ranges from 2 to 15. The scope of Y+ is 

between 1 and 191.7. Comparisons of local heat flux, 

average heat flux and outlet profiles (velocity, 

temperature and concentration) were made between 

the numerical results and the experimental ones. 

 

Figures 11-16 show the local and average heat flux 

on the condensation wall with different Y+ values. 

Along Z direction, the local heat flux can be 

classified into two regions. One is the developing 

region with high heat flux gradient, and the other is 

the fully developed region with flat heat flux. The 

large gradient of heat flux in the developing region 

is caused by the development of the concentration 

layer of non-condensable gas. The thin layer of air 

contributes to the high heat flux. Numerical 

solutions with different Y+ values showed different 

characters in these two regions. 

 

It is indicated that, the local heat flux in cases with 

Y+<5 matches well with the experimental results in 

both developing and fully developed region. In the 

cases with 5<Y+<30, the local heat flux generally 

has an over prediction in both the developing and 

developed region. When Y+>30, the local heat flux 

has an under prediction in the developing region and 

has an over prediction in the fully developed region. 

The maximum deviations of local heat flux in 

different cases are mostly within 30%. 

 

For the average heat flux, the cases with Y+< 5 and 

Y+>30 agree well each other, and they match well 

with the experimental results. It is illustrated that, in 

the cases have Y+ value in between, the average 

heat flux firstly increased with the increase of Y+ 

value and followed by a decrease. They overall have 
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an over prediction of average heat flux. Among all 

the numeral cases, the maximum deviation of 

average heat flux is within 28%. 

 

By comparing the average heat flux of P0441, 

P0443 and P0444, it demonstrates that the scattering 

of average heat flux enlarges with the decrease of 

mainstream velocity. The P0441 case (3 m/s) has the 

minimum deviation of 6.7%, and the P0444 case has 

the maximum deviation of 25.6%. 

 

 
Fig. 11. Local (left) and average (right) heat flux of P0443. 

 

Fig. 12. Local (left) and average (right) heat flux of P0444. 

 

 

Fig. 13. Local (left) and average (right) heat flux of P0344. 
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Fig. 14. Local (left) and average (right) heat flux of P0441. 

 

 

Fig. 15. Local (left) and average (right) heat flux of P0264. 

 

 

Fig. 16. Local (left) and average (right) heat flux of P0242. 

 

In containment thermal-hydraulic analyses, steam 

condensation is coupled with other phenomena in 

the gas region, such as the large space natural 

convection, temperature/concentration stratification 

etc. For instance, when steam condensates at the 

liquid-gas interface, a high concentration air layer 

will be developed in the near wall region. As a 

consequence, the gas density in the near wall region 



BIAN Haozhi, SUN Zhongning, ZHANG Nan, MENG Zhaoming, and DING Ming 

72 Nuclear Safety and Simulation, Vol. 9, Number 1, September 2018  

is larger than that in the mainstream. The gravity 

effect will result in a larger velocity profile in the 

near wall region, and this phenomena will be more 

obvious at the small mainstream velocity conditions. 

The change of velocity profile may further influence 

the temperature and concentration distribution. Thus, 

the effect of wall treatment on these phenomena 

should also be evaluated. For this purpose, the outlet 

profile of velocity, temperature and concentration 

are evaluated by comparing the cases with Y+ 

values in the three different regions (viscous 

sub-layer, buffer layer and log-law layer). The 

experimental cases of P0441, P0443 and P0444 are 

selected to cover different mainstream velocities. 

 

Fig. 17 shows the outlet velocity profiles of different 

cases. It is indicated that when the inlet velocity is 

less than 1 m/s, the near-wall accelerate effect 

becomes obvious. This is due to the high density gas 

(caused by the low temperature and high air 

concentration) in the near wall region accelerated 

the gas flow by the buoyancy effect. In contrast, the 

acceleration effect is not obvious at an inlet velocity 

of 3 m/s. In case P0444, the near wall velocity (1 

m/s) is twice of the inlet velocity (0.5 m/s). Here, we 

assume the cases with Y+< 5 could give a good 

prediction of the local phenomena (refined grids 

were used). The cases of Y+>30 and in between are 

compared and discussed. The results indicated that 

when the first layer of boundary mesh is in the 

buffer layer (5<Y+<12), the outlet velocity is similar 

with the Y+<5 cases. However, in the cases with 

Y+>30, there is an under prediction of outlet 

velocity. 

 

 

Fig. 17. Velocity distribution at outlet. 

Figure 18 shows the comparison of outlet 

temperature profiles. It is indicated that the largest 

temperature gradient is within the 0.06 m thickness 

close to the condensation wall. For the cases with 

Y+<5 and 5<Y+<30, the temperature profiles agree 

well with each other. In the cases with Y+>30, the 

temperature profile is generally under predicted. Fig. 

19 shows the concentration profile at the outlet. 

Similarly, both the Y+<5 and 5<Y+<30 cases could 

give a good prediction of the large concentration 

gradient in the developing region. The cases with 

Y+>30 have under predictions of air concentration 

in the near wall region. 

 

 
Fig. 18. Temperature distribution at outlet. 

 

 
Fig. 19. Concentration distribution at outlet. 

 

5 Conclusions 

To evaluate the effect of influencing parameters on 

steam condensation heat transfer property, the Soret 

effect, diffusion coefficient effect and wall treatment 

effect are evaluated separately. The conclusions are 
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given as follows: 

For the soret effect. The proportion of thermal 

diffusion induced mass transfer is mainly related to 

two factors. One is the air mass fraction, the other is 

the wall sub-cooling. The saturation group results 

indicate that the thermal diffusion induced mass 

transfer only takes a small part in the total mass 

transfer, and the proportion is generally within 5%. 

The superheated group result shows that in the 

conditions with large air mass fraction and small 

wall sub-cooling, the thermal diffusion has an 

obvious increase with the increase of gas superheat. 

The maximum relative difference is more than 40%. 

 

For the diffusion coefficient effect. The diffusion 

coefficients predicted by the theoretical expression 

and some empirical correlations are compared. It has 

been concluded that the average condensation heat 

transfer coefficient calculated by various diffusion 

coefficients demonstrates different distributions. 

Generally, the maximum relative difference 

increases with the decrease of air mass fraction with 

a value between 12% and 26%. The wall 

sub-cooling also has an effect on the maximum 

relative difference, but it is not as obvious as the air 

mass fraction. For the local heat flux property, the 

differences among various diffusion coefficient 

models is large at the fast decrease section. Then, the 

relative difference is maintained at a relative small 

value at the slow decrease section, until a further 

enlarge in the slow increase region. The Fuller and 

Marrero model are recommended in the steam 

condensation evaluations, yet the diffusion 

coefficient model still needs broader experimental 

validations. 

 

To evaluate the wall treatment effect, the boundary 

layer mesh was controlled exquisitely to ensure the 

first layer is located in the specific layers (viscous 

sub-layer, buffer layer and log-law layer). The 

results showed that in the cases with Y+<5, the 

predicted local heat flux matches well with the 

experimental results in the developing region and 

fully developed region. In the cases with 5<Y+ <30, 

the local heat flux generally has an over prediction 

in both the developing and developed region. When 

Y+>30, the local heat flux has an under prediction in 

the developing region and has an over prediction in 

the fully developed region. The maximum deviations 

of local heat flux in different cases are mostly within 

30%. For the average heat flux, the cases with Y+< 

5 and Y+>30 agree well each other, and they match 

well with the experimental results. In the cases with 

5<Y+<30, the scattering of average heat flux 

increases with the decrease of mainstream velocity. 

Both the case with Y<5 and 5<Y+<30 could give a 

reasonable prediction of local field profile, whereas 

the Y+>30 cases have an under prediction of local 

profiles. 

 

Nomenclature 

General notation 

B  Bird Suction parameter 

C1, C2, Cε1, Cε3, constants 

Deff  corrected mass diffusion coefficient, m2/s 

D  diffusion coefficient, m2/s 

D0 mass diffusion coefficient under the 

standard state, m2/s 

DT  thermal diffusion coefficient, m2/s 

E  energy, J 

EXP experiment 

f  body force, N/m3 

h  heat transfer coefficient, W/(m2·K) 

Gb generation of turbulence kinetic energy 

due to mean buoyancy, m2/s2 

k  turbulent kinetic energy, (m2/s2) 

k Boltzmann’s constant, 1.3806503×10−23, 

J/K 

keff  effective thermal conductivity, W/(m·K) 

m  mass flux, kg/(m2·s) 

M  molar weight, g/mol 

n  normal direction to the condensation wall 

P  pressure, Pa 

P0  pressure under standard conditions. Pa 

P  surface force, N/m2 

Pk generation of turbulence kinetic energy 

due to mean velocity gradients, m2/s2 

Pr  Prandtl number 

q  surface heat flux, W/m2 

  mean strain rate tensor 

Sh  energy source, J/(m3·s) 

Sm  mass source, kg/(m3·s) 

Sρv  momentum source, N/m3 

SIM simulation 

T  temperature, K 

t  time, s 
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T0  temperature under standard conditions, K 

μ*  reduced dipole moment, debyes 

w  velocity, m/s 

x  length, m 

X  mole fraction 

YM turbulence dissipation rate contributed by 

fluctuating dilatation, m2/s3 

Greek letters 

δ  reduced dipole moment, debyes 

ω  mass fraction 

Ω  diffusion collision integral, dimensionless 

ε  turbulence dissipate rate, m2/s3 

ε  Lennard-Jones energy, kJ/mol 

ζ  orientation equation 

σ  characteristic length,  

ν  kinematic viscosity, m2/s 

Δ Thickness of the cells close to 

condensation wall, m 

ρ  density, kg/m3 

μ  dynamic viscosity, Pa·s 

θB  logarithmic correction factor 

Subscripts 

a  air 

cond condensation 

i  interface 

j  species/rectangular coordinate axes 

k  turbulence kinetic energy 

sat  saturation 

t  turbulence 

v  vapor 

w  wall 

ε  turbulence dissipation 
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