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1. Introduction 

 
The multi-dimensional two-fluid thermal hydraulics 

code, CUPID, has been developed in KAERI [1] and 
intensively used in analysing the two-phase phenomena 
in the nuclear reactor components [2-5]. Recently, 
passive cooling systems have been spotlighted because 
of its inherent safety feature. Thus, the natural 
convection phenomena in a pool have been studied 
using the CUPID code [6-7]. However, all the studies 
were focused on validating the computational ability on 
the simulation of the complicated two-phase phenomena 
in the liquid cooling tank qualitatively. To investigate 
the thermal mixing phenomena in pools quantitatively 
and to be utilized in designing those passive two-phase 
systems, a more sophisticated evaluation on the 
methodologies used in natural convection analysis 
should be validated.  

In this study the turbulence model of CUPID is tested, 
which is the crucial factor influencing the thermal 
mixing in a pool. The standard k-e turbulence model 
and the low-Reynolds-number k-e turbulence model are 
tested against the thermally driven cavity experimental 
data [8]. By the local Nusselt number, temperature and 
velocity distribution, the performance of the models are 
compared. 

 
2. The CUPID Code 

 
A transient two-fluid, three-field model is adopted in 

the CUPID code where the three-field means vapor, 
continuous liquid and droplet fields. A major 
application of the CUPID code is the analysis of 
transient two-phase flow with a resolution ranging from 
the CFD scale to the component scale. To close the 
three field equations, several physical models are 
applied according to the simplified flow topology map. 

 
2.1 Governing Equations 

Separate conservation equations of mass, momentum 
and energy are established for the three fields. The mass 
and momentum equations for the k-field are: 
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The energy conservation equations for the gas and 

liquid field are: 
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All the details of the parameters can be found in [9]. 

The density and temperature of each phase are 
expressed as functions of the independent variables, the 
pressure and internal energy. 

 
( ),r r=l l lP e  ,          (5) 

 ( ),=l l lT T P e .           (6) 
 
The properties for the gaseous phase are calculated 

assuming a modified Gibbs-Dalton mixture of vapor and 
an ideal non-condensable gas: 

 
 ( ), ,r r=v v v nP e X ,            (7) 
 ( ), ,=v v v nT T P e X ,            (8) 
 ( ), ,r r=s s v nP e X .            (9) 
 
The saturation temperature is represented as a 

function of the pressure: 
 

( )=sat sat sT T P .           (10) 
 
2.2 Turbulence Model 
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For the turbulent shear stress in Eq. (2), liquid (or 

gas) shear-induced turbulence ( ,m mT T
f g ) model was used. 

The kinematic turbulence viscosities of gas and liquid 
are assumed to be equal [10]. 
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The turbulent flow is described using the Reynolds 

stress terms in Eq. (2) modeled with the e-k  model. 
The two-fluid e-k  transport equations are solved to 
obtain fk , e f and gk , e g  where fk and gk mean the 
turbulent kinetic energy with the fluid and gas phase, 
and e f and e g  mean the viscous dissipation rate. The 
two-fluid e-k  transport equations are as follows: 
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where kP , the shear production, is defined 2mt ij ijS S . 

ijS is the modulus of the mean rate-of-strain tensor. kS  
is the bubble motion kinetic energy source and Φ is the 
wall boiling kinetic energy source.  

For natural convection, the buoyancy effect must be 

considered. Then
Pr
mb= ×Ñ

rT
b

T

P g T  where b  is the 

thermal expansion coefficient and is defined as 
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Two versions of the e-k  model are compared: 
standard e-k  model with wall functions and Low-
Reynolds-number e-k  model of Chien [11]. 

Table I contains general coefficients for e-k  
models and Table II contains the additional coefficients 
for the low-Reynolds-number e-k  model.  

 
Table I: Coefficients for the two turbulence model 

Coeffs. standard low-Reynolds-number 
mC  0.09 1.44 

1eC  1.44 1.35 
2eC  1.92 1.80 

sT  1.00 1.00 
s k  1.00 1.00 
s e  1.30 1.30 

 
Table II: Additional Coefficients for the turbulence models 

Coeffs. standard low-Reynolds-number 
1f  1 1.0 

2f  1 ( )221 exp (Re / 6)
9

- - t  

mf  1 ( )1 exp 0.0115 +- - y  

D 0 22 /m- nk y  

E 0 ( )22 exp 0.5em +- -
n

y
y

 

 

For the coefficient, 3 tanhe =
VC
U

[12] where V is the 

tangential velocity to the gravity and U is the normal 
direction to the gravity direction. 
 

3. Simulation 
 
Ampofo and Karayiannis’ [8] experiment for natural 

convection is used for the validation of the turbulence 
models in the CUPID code. In their experiment, 
temperature, velocity and the local Nusselt number of 
air are obtained. 

 
3.1 Problem Definition 

Figure 1 shows the schematic figure of the 
experimental facility in two dimensions. Left and right 
walls are the heating surfaces and the others are 
adiabatic. The geometry is 0.75 mⅩ0.75 m. Hot and 
Cold wall temperatures are 323.15 K and 283.15 K, 
respectively. The turbulent Prandtl number is 
approximatedly 0.71. Rayleigh number is 1.58x109. In 
their uncertainty estimation, air temperature is within 
0.10 K, air velocity is 0.07 %, Nusselt number is 1.13% 
max.  
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Hot Wall Cold Wall

 
Fig. 1. A square cavity in natural convection. 

 
The CUPID code uses the following two meshes. 

Figure 2a and 2b show the meshes for the standard 
model and the low-Reynolds-number model. The total 
cell number of both cases is 10,000. For the low-
Reynolds-number model, the grid is clustered at walls to 
estimate the temperature and velocity gradient at wall 
well. 

For the boundary condition, no pressure outlet is 
applied and the constant hot- and cold-wall conditions 
are used. For the initial conditions the flow properties 
are obtained from the mean temperature (303.15 K) 
condition.  

 

  
         (a) Standard             (b) low-Reynolds-number 

Fig. 2. Grid generation for the standard and low-Reynolds-
number model. 

 
3.2 Simulation Results 

According to [8], the thermal expansion coefficient 
can be arranged /b a n= D 3

m mRa g TL  from Rayleigh 
number definition so that b » 0.003398 . Alternatively, 
depending on Bakakos’ definition [13], 
b = »m1/T 0.003299 . As shown in Fig. 3 the local 
thermal expansion coefficient (Eq. (18)) is in reasonable 
range when it is compared to the abovementioned 
values.  

 

 
Fig. 3. Thermal expansion coefficient calculated from the 
steam table. 
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(a) Temperature at x=0.375 m 
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(b) Temperature at y=0.375 m 
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(c) Velocity at y=0.375 m 
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(d) Local Nusselt number at the hot wall 

Fig. 4. Comparisons between the standard and low-Reynolds-
number turbulence model. 
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Figure 4 shows the temperature, velocity and the local 

Nusselt number comparison between the standard and 
the low-Reynolds-number e-k  model. Overall 
accuracy of the low-Reynolds-number model is better 
than the standard model. However, both models cannot 
predict the temperature and velocity profile at wall 
exactly. In Fig. 4d, the hot wall around the bottom show 
the maximum deviation. Since the Nusselt number is 
bigger when local fluid temperature is lower, the graph 
refers to a recirculation region in the corner. To resolve 
the recirculation flow, a finer grid would be 
recommendable. Moreover, Since Chien [11]’s low-
Reynolds-number model is developed basically for 
simple nonseperating flows, such as channel flows,  a 
model accounting for the corner effects in both attached 
and detached flows would show better results. 

 
3. Conclusions 

 
The standard and low-Reynolds-number e-k  model 

are used to investigate natural convection phenomena in 
a square cavity using the CUPID code. The CUPID 
code is formulated from the basis of the steam table so 
that the local thermal expansion coefficient is used for 
the calculations. Throughout the simulations, the overall 
similarity was validated. However at walls the velocity 
is overpredicted and the temperature is underpredicted. 
Furthermore, the recirculation region is not resolved 
accurately. To achieve higher accuracy, any proper 
turbulence model can be recommended for CFD scale 
issues. However, for usual component scale problems, 
the thermal mixing estimation is globally acceptable.  
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