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1. Introduction 
 

It is important to understand the flow feature in a 
subchannel of nuclear rod bundle in the design process 
of a nuclear reactor considering the safety margin. 
However, it is not easy to precisely expect the flow 
phenomena in the subchannel due to the effect of 
turbulent mixing. And, because of the heat from the 
reactor core the flow is usually not a single- phase in 
the subchannel. When the flow is two-phase, it is more 
difficult to expect and understand what it happened. In 
order to analyze the turbulent flow in a subchannel of 
rod bundle, turbulent model should be validated in 
single and two-phase flow.  

In this paper, we conducted the validation of 
turbulent flow in the subchannel of a 2x2 rod bundle 
using the CUPID code[1-3]. The governing equations 
of the CUPID code, based on two-fluid, three-field 
model, are similar to those of the time-averaged two-
fluid model derived by Ishii and Hibiki[4]. The 
standard k-ε turbulence model was adopted to validate 
the turbulent flow in single and two phase flow. 

 
2. Model & Results 

 
2.1 Turbulent Model 

 
There are additional unknown terms in the averaging 

procedure for a momentum equation. The terms, called 
‘Reynolds (turbulent) stresses”, contains the products of 
the fluctuating quantities and acts like additional 
stresses in a fluid. It is difficult to determine the value 
directly. The turbulent eddy viscosity model is adopted 
for the turbulent flow analysis of single and two phase 
flow fields in the CUPID code. 

The turbulence energy (k) and the turbulence length 
scale (ε, viscous dissipation rate) are determined from 
the differential transport equation in standard k-ε 
turbulence model. The effective viscosity of a 
continuous liquid phase is the sum of the laminar 
viscosity, turbulence viscosity, and bubble effect.  
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The k-ε transport equations for continuous liquid 

phase can be shown as follows: 
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where 21, and,,,   CCC k are recommended to have 

a value of 0.09, 1.3, 1.0, 1.44, and 1.92 in the standard 
k  model, respectively. 

The wall-function in the CUPID code is an extension 
of the method of Launder and Spalding[5]. In the log-
law region, the near wall tangential velocity is related to 
the wall-shear-stress by means of a logarithmic relation. 
In the wall-function approach, the viscosity affected 
sublayer region is bridged by employing empirical 
formulas to provide near-wall boundary conditions for 
the mean flow and turbulence transport equations. The 
logarithmic relation for the near wall velocity is given 
by. 
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where u , u , tU , y , , and C  are the dimensionless 

velocity, friction velocity, near wall tangential velocity  
known velocity tangent to the wall at a distance of y  

from the wall, dimensionless distance from the wall, 
von Karman constant, and constant depending on the 
wall roughness. 
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A wall-function simulation normally requires that 
y of the first cell outside the walls is in the log-layer, 

which starts at about 20y , and depending on the 

Reynolds number, extends up to say 200y . 

 
2.2 Modeling 
 

The experimental study[6] was selected to analyze 
and validate the single and two phase turbulent flow 
phenomena in the rod bundle. They have conducted in a 
rectangular channel including 0.01 m diameter of four 
rods, as an experiment for measuring the velocities for 
each phase in 2x2 rod bundle. 

Fig. 1 shows the geometry and grid used for 2x2 rod 
bundle tests. The SALOME open-source code, which 
can provide both structured and unstructured mesh, was 
used in the process of the modeling and the grid 
generation.  

In order to consider the wall-function condition, it 
consists of the structured grid at the wall and the 
unstructured grid in the other regions. If the first 
distance from the wall is 1 mm, the minimum value of 
y+ is approximately 27 and 52 for each Re condition, 
respectively. In this case, the number of nodes and cells 
is 73,067 and 112,800, respectively. 
 

  
Fig. 1.Geometry and grid for 2x2 rod bundles [6]. 
  

2.3 Results 
 
The boundary conditions for the simulations are 

summarized in Table I. The artificial liquid velocity 
was 0.5 and 1.0 m/s and the gas velocity was 0 and 0.08 
m/s.  

Fig. 2 shows the velocity distributions of cross 
section to the axial direction and at an each height 
(z=0.15, 0.3, 0.45, 0.55 m) for the 1S case. From the 
figure, we can check that the velocity was developed 
through the flow channel. Because of applying no slip 
condition at the wall, the flow velocity at the center of 
the subchannel was the fastest comparing of the ones at 

the inter-rods or near the wall. Because there are only 
four rods in the flow channel without a flow mixer like 
a spacer grid, the flow represents a symmetry. Based on 
this result, it is reasonable to compare the results 
considering the symmetric distribution, although the 
CUPID have simulated all 2x2 rod bundles.  

  
 

Table I: Boundary conditions 

Case JL [m/s] JG [m/s] Re 
1S 0.5 0 4850 
2S 1.0 0 9700 
1B 0.5 0.08 4850 
2B 1.0 0.08 9700 

 
 

(a) Velocity distribution in axial direction 

  

Z= 0.15 m Z= 0.3 m 

  

Z= 0.45 m Z= 0.55 m 

(b) Velocity distribution for each height 

Fig. 2. Two-dimensional sectional velocity distribution (1S 
case). 
 

In the experiment [6], the velocities were measured at 
0.45 m distance from the inlet according to the azimuth 
angle ranged from 0 to 45 degree. Fig. 3 represents the 
liquid velocity distribution at 0.45 m height and 0 and 
45 degree of azimuth angle for each boundary condition.  
At 45 degree of azimuth angle, the calculated velocities 
were a good agreement with the experimental data. 
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However, the results at 0 degree of azimuth angle 
shows a little lower than the ones for the experiments. 
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Fig. 3. Liquid velocity distribution at 0 degree & 45 degree of 
azimuth angle for each BCs. 
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Fig. 4. Dimensionless axial velocity for 1B & 2B case. 
 

 
In order to clarify the reason for the discrepancy 

between the CUPID code and experimental results, we 
also checked the relationships between the 
dimensionless axial velocity, Vz+, normalized by the 

frictional velocity 
/wu  

 and the dimensionless 
distance y+ from the wall as shown in fig. 4. The axial 
dimensionless velocity near the wall at 45 degree of 
azimuth angle is closer than 0 degree case from the law 
of the wall. Therefore, the velocities for 45 degree cases 
are more similar to the experimental results. The 
difference between 0 and 45 degree cases is caused by 
the velocity, which can be determined by the wall-
function at the wall. 

 
3. Conclusions 

 
It is important to understand the flow phenomena in a 

rod bundle in terms of reactor design considering the 
safety. In this study, the CUPID code was used to 

simulate the flow phenomena in the 2x2 rod bundle. 
The simulation of 2x2 rod bundle test under single and 
two phase flow condition were conducted to validate 
the turbulence model. The liquid velocities at 0.45 m 
along the flow path with 0 and 45 degree of azimuth 
angle were compared with experimental data. The 
results for 45 degree of azimuth angle were a good 
agreement. However, the ones for 0 degree case has a 
little discrepancy. Based on the comparison of 
dimensionless axial velocity, the differences might be 
caused by the velocity near wall, which can be 
determined by wall-function. If the velocity near the 
wall is improved in the CUPID code, the flow in a rod 
bundle can be expected more precisely. 
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