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ABSTRACT 
 
Condensation of steam plays an important part in removing heat from the reactor containment. The 
process is complicated by the presence of noncondensable gases in the containment. The condensation 
models considering the presence of noncondensable gases of RELAP5-3D code, MELCOR code and the 
generalized diffusion layer model were examined via simulation of the scaled AP600 atmospheric 
containment tests at UW-Madison. Examining the basic models and assumptions each code uses for the 
condensation mechanism, it was found that MELCOR and RELAP-3D use different models for 
calculating condensation mass flux. After examination of the models for each system code, we found that 
the condensation model in RELAP-3D needs to be corrected to properly account for the presence of 
noncondensable gases. The MELCOR simulation results showed good agreement with the experimental 
data. Also the effect of nodalizations on condensation heat transfer predictions was studied. 
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1. INTRODUCTION 
 
Upon a postulated nuclear plant accident where high pressure and high temperature water escapes into the 
containment in the form of superheated steam, the pressure and temperature increase in containment. 
Condensation heat transfer is an important physical process that helps keep the temperature and pressure 
in containment within the design limits, and ensures the containment integrity. However, the presence of 
noncondensable gases in the containment complicates and often hinders the process of heat transfer. Thus, 
an accurate model for condensation with noncondensable gases is, therefore, essential. 
 
A schematic view of condensation with noncondensable gas on a vertical surface is shown in Fig. 1. The 
rate of condensation and therefore the rate of heat transfer out of the system depend on the degree of wall 
subcooling relative to the interface temperature, iT , at the condensate surface. Noncondensable gases tend 
to accumulate at the interface, because the interface is impermeable to the noncondensable gases and 
steam condenses to water at the interface. This leads to the vapor partial pressure and temperature at the 
interface to be lower than those in the bulk region, as shown in Fig. 1. The noncondensable gas acts as 
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resistance to mass transfer and reduces temperature difference ( iT - wT ), thereby reducing heat flux through 
the liquid film.  
 
 

 
Figure 1.  Condensation Schematic in the Presence of Noncondensable Gas. 

 
 
Several researchers have performed experiments and investigated the effect of noncondensable gases on 
condensation heat transfer. The best known experimental data applied to accident safety analysis of 
containments were obtained by Uchida [1] and Tagami [2]. They investigated condensation heat transfer 
in a steel containment (~45m3) at low pressures (0.1 to 0.5 MPa) in the presence of noncondensable gases 
(varying amounts of nitrogen, argon and air). Their results indicated that the condensation heat transfer 
coefficients decreased with decreasing the mass fraction of noncondensable gas. Dehbi [3] tested the 
condensation heat transfer on the cooling tube in the closed cylinder chamber. The pressure in this 
experiment ranged from 1.5 to 4.5 atm. This experiment was performed to determine the effects of 
noncondensable fraction, length, wall temperature subcooling and total gas pressure. It was concluded 
that the heat transfer coefficient decreased significantly with increasing air mass fraction and decreasing 
total gas pressure. Anderson [4] investigated steam condensation onto the internal surface of a scaled 
AP600 containment surface with similar aspect ratios to the actual AP600. The effects of the bulk 
temperatures, the noncondensable gas mass fraction, the cold wall surface temperature, the pressure, 
noncondensable composition, and the inclination of the condensing surface were studied.  
 
Theoretical research has also been conducted. Colburn and Hougen [5] first introduced the concept of a 
noncondensable gas boundary layer in the condensation of vapor-air mixtures. Their work assumed that 
the overall heat transfer between the cooling wall and the vapor-air mixture can be broken down to 
conductance of the liquid film and heat transfer of gas layer. The heat transfer through the gas layer 
includes sensible and latent heat transfer. Corradini [6] derived a condensation model for forced and 
natural convection by extending the Reynolds-Colburn analogy for heat and momentum transfer to mass 
and momentum transfer. Since the enhancement of mass transfer due to a suction effect is not addressed 
by the analogy formulation, Corradini used correction factors according to the methodology outlined by 
Bird [7]. This model was in reasonable agreement with the steady-state data of Uchida [1] and Tagami 
[2]. Subsequently Kim and Corradini [8] extended the Corradini’s original model to a two-dimensional 
condensation model using a k-ɛ model to investigate the effect of two-dimensional flow. Based on the 
mass transfer equations and boundary conditions for condensation with noncondensable gases, Peterson 
[9] derived an effective “condensation thermal conductivity”. With this simple parameter, combined 
sensible and condensation heat transfer can be predicted using the standard forms for heat transfer 
correlations. Peterson’s model can be improved further by considering the effects of fog formation, 
suction, and condensate film waviness. Brouwers [10] introduced fog correction factors for both sensible 
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and latent heat transfer. Based on Peterson’s approach, Herranz [11] extended the model to deal with large 
gas-wall temperature differences, high mass fluxes, and the wavy structure of the condensate. This model 
has been validated against the database of Anderson [4] and comparisons to Dehbi’s [3] database have 
also been conducted. Peterson [12] developed an analysis of the mass transport with multiple 
noncondensable species, identifying a method to calculate an effective mass diffusion coefficient that can 
be used with the diffusion layer model. Liao [13] developed a generalized diffusion layer model for 
condensation of vapor from vapor/noncondensable gas mixtures by formulating the mass diffusion on a 
mass basis. Comparisons with a variety of experimental data show that this generalized diffusion layer 
model can better predict the data than molar-based diffusion layer models. Kim [14] proposed a 
theoretical model to estimate the condensation heat transfer at high pressure using the heat and mass 
transfer analogy. The comparison results confirm that the heat and mass transfer analogy can be applied to 
evaluate the condensation heat and mass transfer under high pressure conditions. 
 
Two widely used system codes in the nuclear industry are RELAP5 and MELCOR. Both have 
condensation models considering the presence of noncondensable gases. The RELAP5 code is primarily 
used to analyze design basis events such as nuclear power plant transients and Loss-of-Coolant Accidents 
(LOCA). MELCOR is an engineering-level computer code that is primarily used to analyze beyond 
design basis events such as the progression of severe accidents in light water reactor nuclear power plants. 
Both codes model containment heat transfer and it is important to assess the accuracy of RELAP5 and 
MELCOR code for condensation in the presence of noncondensable gases. Early work in the simulation 
of condensation experiments in the presence of noncondensable gases using the RELAP5/MOD3 code 
was done by Hassan [15]. The code was applied to simulate four different experiments and it was 
suggested that a new refined heat transfer condensation model in the presence of noncondensable gases 
was needed. Park [16] improved the standard RELAP5/MOD3.2 code using the non-iterative modeling 
and several existing condensation correlations of liquid-side heat transfer coefficient, wall friction factors 
and interfacial friction factors. Aglar [17] assessed the condensation module of RELAP5/MOD3.3 code 
using experimental works conducted at the Massachusetts Institute of Technology (MIT), the University 
of California-Berkeley (UCB), and the Middle East Technical University (METU). The results show that 
the heat transfer coefficients can be predicted by RELAP5/Mode3.3 with the approximate mean deviation 
of 150%, 85% and 50% for METU, UCB and MIT databases, respectively. Hogan [18] implemented the 
generalized diffusion layer model into the MELCOR code. Validation work has been conducted to 
demonstrate the accuracy of the generalized diffusion layer model in MELCOR for condensation with 
noncondensable gas. 
 
In this paper, the condensation models considering the presence of noncondensable gas of RELAP5-3D 
code, MELCOR code and the generalized diffusion layer model were examined by Anderson’s AP600 
containment experiment at atmospheric conditions [4]. The RELP5-3D code was found may be inaccurate 
on predicting condensation process with the presence of noncondensable gas. The MELCOR simulation 
results of AP600 containment experiment were presented in this paper. 
 
2. DESCRIPTION OF SEPARATE EFFECTS AP600 EXPERIMANET 
 
Anderson and coworkers [4] performed experiments for the AP600 using a scaled facility. The main 
components of Anderson’s experiment facility are the test vessel, the coolant system, and the steam 
supply system. This paper only examines Anderson’s “atmospheric tests”. The rectangular test vessel 
represents 1:12 scale radial slices of the AP600 containment from the operating deck to the top of the 
containment [4].  
 
The test vessel has two 0.91 m long aluminum condensing plates, one oriented vertically and one 
horizontally, in the top right hand corner of the facility as shown in Fig. 2. Each condensing plate was 
fitted with six coolant plates, so that the temperature of condensing plate was kept at a fixed value by 
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cooling each section individually. Coolant water passed through the cooling plates. A mixture of air and 
water vapor enters the facility from nineteen inlets along the bottom of the test section. The total system 
pressure remained constant at 1 bar, and the aluminum condensing plates were held at a temperature at 
approximately 30 °C. This paper simulated four test conditions with different air mass fractions (Table I). 
 
The test section was equipped with several temperature probes as shown in Fig. 2. The probe holes 
(thermocouple probe 1-7) located in the right hand corner next to the condensing plates were reported as 
the test temperatures and were used as the bulk mixture temperatures in the calculation of the heat transfer 
coefficient.  
 

 
Table I. Steady-state conditions of AP600 containment atmospheric tests 

 

Test Bulk pressure 
(bar) Air mass fraction Bulk temperature 

(°C) 
Wall temperature 

(°C) 
202 1.0 0.8618 60.65 28.60 
203 1.0 0.7900 69.23 29.40 
213 1.0 0.6472 79.68 34.00 
219 1.0 0.4159 89.72 30.30 

 
 

 
Figure 2.  Schematic of Atmospheric Test Section with Cooled Top and Side Walls Shown. 

Remaining Walls Were Insulated. 
 
 

Condensation occurred on both the vertical and horizontal plates. Two different methods were used to 
determine heat transfer coefficient from the experimental data: HEM and CEB. HEM refers to local heat 
flux measurement. It uses a linear array of thermocouples imbedded in the cooling plates. CEB refers to 
coolant energy balance, which measures averaged heat transfer coefficient on each individual plate, an 
energy balance on the coolant water would yield the energy removed from the condensing plate and thus 
the heat flux associated with the area under the cooling plate could be found. Heat transfer coefficients 
determined via simulation were compared with those determined by HFM method. 
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where ih  is the heat transfer coefficient of plate i , k  is the thermal conductivity of the aluminum plate, 

/idT dx  is the temperature gradient through the plate, and ( , ,b i w iT T� ) is the difference of temperature 
between the wall and bulk mixture. 
 
3. CONDENSATION MODELS  
 
3.1. Condensation Models of the Standard RELAP5-3D Code 
 
For inclined surfaces, the RELAP5-3D [19] model uses the maximum of the Nusselt (laminar) and Shah 
(turbulent) correlations with a diffusion calculation based on the Colburn-Hougen method when 
noncondensable gases are present. For horizontal surfaces, the model uses the maximum of the Chato 
(laminar) and Shah (turbulent) correlations with a diffusion calculation based on the Colburn-Haugen 
method when noncondensable gases are present. 
 
The formulation of Colburn-Hougen model is based on the principle that the amount of heat transferred 
by condensing vapor to the liquid-vapor/gas interface by diffusing through the noncondensable gas film is 
equal to the heat transferred through the condensate film. From this energy conservation principle, the 
interface pressure and interface temperature can be determined by iteration. The heat transfer rate is then 
calculated. The equations of calculating heat flux due to condensation of vapor mass flux used by 
RELAP5-3D model are shown in Table . 
 
3.2. Condensation Models of MELCOR Code 
 
The MELCOR modeling for heat and mass transfer from containment atmosphere to passive structures 
and components is based on a heat and mass transfer analogy (HMTA), where common heat transfer 
correlations are used to obtain both sensible energy and, by analogy mass transfer, through temperature 
and concentration boundary layers [20], respectively. The liquid side heat transfer coefficient is calculated 
by the thermal conductivity of the liquid and the film thickness [18]. 
 
The principal expression for condensation mass flux at a surface exposed to an atmosphere with a 
significant partial pressure of noncondensable gases is formulated using a mechanistic approach which 
models the diffusion of a condensable vapor through a gas layer that contains noncondensable gases [21]. 
The mass transfer coefficient is calculated via a heat-mass transfer analogy by substituting the Schmidt 
number for the Prandtl number and the Sherwood number for the Nusselt number. The expressions of 
mass flux and mass transfer coefficient are shown in Table . 
 
3.3. The Generalized Diffusion Layer Model Code 
 
A generalized diffusion layer model is proposed by Herranz [11]. This model showed good agreement 
with Anderson’s [4] AP600 containment experimental data. In this model, both film and gas resistances to 
heat transmission have been accounted for by combining them in series to calculate the total heat flux 
from the atmosphere to the surface. The initial assumptions concerning the heat flux from the gaseous 
bulk to the condensate are: the negligible influence of radiative mechanism in the total heat transfer; and 
the parallel coupling of convective and condensing components of heat flux. 
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The condensation heat transfer formulation relies on the application of the heat and mass transfer analogy 
and the Clapeyron equation to express pressure or concentration dependencies in terms of temperatures. 
The condensation heat transfer coefficient condh  can be written as: 
 

 cond cond
c

Shh k
L

�   (3) 

 
where condk  is referred to as a condensation conductivity. Equations for calculating condk  are shown in 
Table . 
 
 

Table . Steady-state conditions of AP600 containment atmospheric tests 
 

 MELCOR RELAP5 Diffusion Layer 
model 

Condensation 
heat flux 
(W/m2) cond fgq mi

�

�  cond fgq mi
�
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3.4. Condensation Heat Fluxes Calculated by Different Models 
 
Condensation heat fluxes due to mass transfer of the four different test conditions in Table I were 
calculated using the reported gas mixture temperature from each experiment. The expressions of� , � and 
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!  in mass diffusivity equations can be found in [7] and [22]. The wall temperature was used as the liquid-
vapor/gas interface temperature in these calculations. The predicted condensation heat flux with the air 
mass fraction is shown in Fig. 3. It is necessary to state that the condensation heat fluxes in Fig. 3 are not 
the simulation results, they are calculated using the equations in Table  through the EES (Engineering 
Equation Solver) tool. It can be seen that the condensation heat flux decreases with the increasing of air 
mass fraction. Fig.3 also shows that the RELAP5-3D model underestimated the condensation heat flux 
due to the modeling of the mass transfer in the gas mixture, and the error increases with increasing air 
mass fraction. 
 
 

 
Figure 3.  Prediction of Condensation Heat Flux with the Air Mass Fraction. Comparison between 

Different Condensation Models Using Test Bulk Temperature. 
 
 

In the process of calculating condensation heat flux, the main difference between MELCOR model and 
RELAP5 model is that different densities were used when calculating the mass flux. The expression of 
the mass flux in MELCOR model is equation (4), using the density of vapor at the saturation temperature 
of total pressure. While the expression of the mass flux in RELAP5 model is equation (5), using the 
saturation vapor density at vapor partial pressure. The divergence between v�  and vb�  increases with the 
increase of the air mass fraction. 
 

 ln((1 ) / (1 ))vi vb
m v

P Pm H
P P

�
�

� � �   (4) 

 

 ln((1 ) / (1 ))vi vb
m vb

P Pm H
P P

�
�

� � �  (5) 

 
where v�  is the density of vapor at sat (P )totT , vb�  is the saturation vapor density at vbP . 
 
Following is the derivation of condensation mass flux using the general Fick’s law of diffusion to 
examine which of the two different models is more theoretically appropriate. 
 
3.5. Derivation of the Condensation Heat Flux Due to Mass Transfer 
 
The condensation heat flux is the function of mass flux: 
 

 cond fgq m i
�

� �  (6) 
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where condq  is the condensation heat flux, W/m2·s. m
�

 is the mass flux of steam, kg/m2·s. fgi  is the latent 
heat of vaporization, J/kg. 
 
The mass flux of noncondensable gas at the interface includes the bulk flow and the diffusive component: 
 
 gi gi i gCv Cx v J� �  (7) 
 
C  is the total molar density, mol/m3. giv  is the velocity of noncondensable gas at the interface, m/s. gix  

is the mole fraction of noncondensable gas at the interface. iv  is the average bulk flow velocity, m/s. gJ  is 
the diffusive molar flux of noncondensable gas, mol/m2·s. 
According to the Fick’s law,  
 
 g

g

x
J CD

y
"

� �
"
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gi gi i

x
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y
"

� �
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Because the interface is impermeable to the noncondensable gas, so the absolute noncondensable gas 
velocity at the interface equals zero,  =0giv , so the average velocity is 
 

 1( ) ( ln( ))g
i i g i

g

x
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Define g#  as the effective thickness of the diffusion layer, 
 

 (ln( ) ln( ))i gb gi
g

Dv x x
#
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g

L H LSh
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 (ln( ) ln( ))i m gb giv H x x� �  (12) 
The mass flux of steam at the interface is: 
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Combining the Eq. (12) with Eq. (13), the steam mass flux can be expressed as: 
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  = ln((1 ) / (1 ))vi vb
v m

P Pm H
P P

�
�
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The mass flux obtained from the above analysis is in agreement with the MELCOR condensation model. 
The condensation model that RELAP5-3D uses may be inaccurate on predicting condensation process 
with the presence of noncondensible gas due to its use of vb� . 
 
Since the condensation model of MELCOR code is reasonable. The MELCOR code was used to simulate 
and analyze the AP600 experiments. 
 
4. MELCOR SIMULATIONS OF AP600 EXPERIMENTS 
 
4.1. MELCOR Nodalization 
 
In MELCOR code, the test vessel is represented by control volumes, flow between control 
volumes by flow path, and condensing plates by heat structures. The back wall temperature of 
heat structure (outer plate temperature) was fixed as a boundary condition from test data. The 
steady-state conditions of tests were used as the initial conditions for the simulation. In other 
words, the simulation only dealt with the steady state of the experiment and transient behavior in 
the beginning of the experiment was neglected. Steam was injected from the bottom of the 
vessel. The steam velocity was adjusted to reach the bulk temperature, total pressure and partial 
pressure of the test conditions. In this work, three different nodalizations (Fig. 4) were studied to 
analyze the effects of nodalizations. Nodalization (a) used five volumes to simulate the test 
vessel. One large volume was connected to the vertical and horizontal heat structure. 
Nodalization (b) used eleven volumes to simulate the test vessel. There were six volumes located 
adjacent to the seven heat structures, four horizontal heat structures and three vertical heat 
structures. Nodalization (c) used forty volumes to represent the test vessel, eleven volumes 
located adjacent to twelve heat structures, six horizontal heat structures and six vertical heat 
structures. Additional control volumes away from the cooled walls had little effect based on 
other simulation results. 
 

                                  
  

(a)                                              (b)                                             (c) 
Figure 4.  MELCOR Nodalizations of AP600 Containment Test. 
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4.2. Analysis of Different Nodalizations in MELCOR 
 
According to the experimental test protocol, different bulk temperatures were achieved by increasing the 
amount of steam injected in the vessel. The state of injection steam is superheated at 1.7 bar and 
125.13 °C. Fig. 5 represents the steam injection rate to reach the specific steady state condition. The 
injection steam mass flow rate decreases with the increasing of air mass fraction. Fig. 5 shows that the 
steam mass flow rate calculated by the nodalization (c) is larger than that calculated by nodalization (a) 
and nodalization (b). 
 
 

 
Figure 5.  The Mass Flow Rate of Injection Steam versus Air Mass Fraction. 

 
 

Fig. 6 shows the distribution of film thickness calculated by MELCOR code using different nodalizations 
for test 202. Although the predicted film thickness is small (20~60 microns), the presence of film still 
imposes a noticeable effect on the heat transfer. It can be seen that only the nodalization (c) reflects the 
variation of film thickness with the vertical distance from the top of the test vessel. The film thickness 
calculated by nodalization (c) increases with the increase of vertical distance. While the film thickness 
calculated by nodalization (a) and nodalization (b) is almost constant along the vertical direction. Fig. 6 
also shows that the film thickness calculated by nodalization with more control volumes is thinner than 
that calculated by nodalization with fewer control volumes. 
 
 

 
Figure 6.  Distribution of Film Thickness Calculated by MELCOR for Test 202. 

 
 

For a similar reason, the condensation heat flux depends on the mass flux of steam in the diffusion layer. 
The distributions of mass flux calculated based on three different nodalizations for test 202 were shown in 
Fig. 7. The mass flux calculated by nodalization (c) is larger than that calculated by other two 
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nodalizations. And the nodalization (c) calculation can also reflect the distribution of mass flux along the 
vertical distance from the top. This is because that nodalization (a) and nodalization (b) use the average 
temperature as the bulk temperature of test condition, while the nodalization (c) uses local temperature as 
the bulk temperature. Therefore nodalization (c) can predict the temperature stratifications. 
 
 

 
Figure 7.  Distribution of Mass Flux Calculated by MELCOR for Test 202. 

 
 
4.3. Comparison of MELCOR Results with Test Data 
 
The total heat transferred out of the cooled surface calculated using three different nodalizations were 
compared with test data in Fig. 8. It can be seen that with the increase of air mass fraction, the total heat 
transfer decreases as expected. For all nodalizations, the deviation from the experimental data increases 
with the increasing of air mass fraction. As expected, using additional control volumes in MELCOR 
simulations, improved the simulation results. This can be explained through Fig. 6 and Fig. 7, the film 
thickness calculated by nodalization (c) is the thinnest one, and the mass flux calculated by nodalization 
(c) is the largest one. In the test facility, each condensing plates was fixed to six condensation plates, 
accordingly, nodalization (c) used six vertical heat structures and six horizontal heat structures, which 
most closely matches to the actual geometric of the test vessel. From Fig. 8 it can be concluded that 
nodalization (c) best models the experiment. So the following analysis are based on the results of 
nodalization (c). 
 
 

 
Figure 8.  Comparison of MELCOR Code Calculations with Test Data. 
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The distributions of film thickness for different test conditions were shown in Fig. 9, and the distributions 
of mass flux for different test conditions were shown in Fig. 10. The air mass fraction of test 219 is the 
smallest among the four test conditions, leads to the largest film thickness and the highest mass flux. 
 
 

 
Figure 9.  Distribution of Film Thickness Calculated by MELCOR for Four Different Test 

Conditions. 
 
 

 
Figure 10.  Distribution of Mass Flux Calculated by MELCOR for Four Different Test Conditions. 

 
 
When noncondensable gas exists, the total thermal resistance from the gas bulk to the condensing plates 
can be calculated by equation (15). The convection thermal resistance ( convR ), the condensation thermal 
resistance ( condR ), the liquid film thermal resistance ( filmR ) and the total thermal resistance ( totalR ) 
calculated by the nodalization (c) were shown in Fig. 11. It can be seen that with the increase of air mass 
fraction, the convection resistance, the condensation resistance and the total thermal resistance increase. 
While the liquid film thermal resistance decreases with the increase of air mass fraction. This is because 
higher air mass fraction indicates lower steam mass fraction. Lower steam fraction leads to thinner liquid 
film, which results in a lower film thermal resistance. Fig. 11 also shows that for large air mass fraction, 
the gas condensation thermal resistance is the main resistance of the system. So the accuracy of 
calculating the condensation heat flux due to mass flux is the key to the prediction of the total heat 
transfer.  
 

 11 1( )total film
conv cond

R R
R R

�� � �  (15) 
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Figure 11.  Evolution of Thermal Resistances with the Air Mass Fraction. 

 
 
5. CONCLUSIONS 
 
The condensation models of MELCOR code and RELAP5 code were analyzed to study the condensation 
in presence of noncondensable gases. The calculation results were compared to scaled AP600 
containment atmospheric experiments by Anderson [4]. The following conclusions are drawn from this 
study: 
 
(1) The MELCOR model and RELAP5 model both consider the effect of noncondensable gas, based on 

the principle that the amount of heat transferred by condensing vapor to the liquid-vapor/gas interface 
is controlled by diffusion through the noncondensable gas film balanced by the heat transferred 
through the condensate film. The major difference is that MELCOR and RELAP-3D use different 
densities to calculate the condensation mass flux. The density of vapor at the saturation temperature 
of total pressure is used by MELCOR code, whereas RELAP5 uses the saturation vapor density at 
vapor partial pressure. Based on the derivation of the condensing steam mass flux, the relationship 
that MELCOR uses is more appropriate with the physical process. The RELAP5 model does not seem 
to be reliable in predicting the process of condensation with the significant presence of 
noncondensable gas. 

 
(2) The MELCOR code can be used to predict the heat transfer in the presence of noncondensable gases. 

MELCOR simulations showed good agreement with AP600 experimental data. But nodalization is 
important for the simulation, as different nodalizations can lead to significant different results. The 
nodalization should closely match to the actual geometric of the test vessel. 
 

(3) The total thermal resistance between the gas bulk and the condensing wall consists of the different 
thermal resistances from convection, condensation and liquid film. At the atmospheric condition, 
when the air mass fraction is relatively large (0.4~0.9), the condensation thermal resistance is the 
major thermal resistance of the condensing system. The condensation film resistance is a second order 
effect. 
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