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1. Introduction 

 

The fuel assembly inside the nuclear reactor consists 

of the fuel rods and coolant sub-channels for cooling 

generated heat. Coolant flows in the subchannels for the 

longitudinal direction of the fuel rod to release heat 

generated from the fuel rod. To reduce the size of the 

nuclear reactor core, the power output of fuel rods per 

volume has to be high, and high-cooling performance is 

reserved. Such related research is challenging to carry 

out experimentally, and in most cases, research based on 

numerical analysis has been conducted previously [1-5]. 

In the present study, numerical analyses of fuel rods 

and subchannels in various types of fuel rods were 

conducted. The heat transfer characteristics were 

compared considering the various cross-sectional shapes 

of fuel rods. In addition, the hydraulic energies of the 

fluid were quantitatively compared by comparing the 

pressure drop for case studies. 

 

2. Numerical Analysis 

 

2.1. Governing equations 

To simulate flows and heat transfer, three governing 

equations of continuity, mass conservation, and energy 

conservation are used as follows: 

 

∇∙u⃑  = 0 (1) 

 

∇∙(ρu⃑ u⃑ ) = − ∇p + ∇∙(∇u⃑  + ∇u⃑ 
T
) (2) 

 

∇∙ [ρu⃑ (h + 
|u⃑ |2

2
)]  = ∇∙(keff∇T) + Sh (3) 

 

where u⃑   is the velocity vector, ρ is the density, p is the 

pressure, h is the static enthalpy, keff (= k + kt) is the 

effective thermal conductivity, T is the temperature, and 

Sh is the volumetric heat source. No gravitational 

acceleration was assumed. The incompressible flow was 

considered, and viscous heating was neglected. The 

realizable k–ε turbulence model was adopted with 

enhanced wall treatment to describe the turbulent effect 

of walls. In the near wall region, all dimensionless wall 

distance (y+) was applied less than 5 to use enhanced 

wall treatment. The conjugate heat transfer method 

between solid and fluid were considered.  

 

2.2. Computational domain and boundary conditions 

The computational domain and boundary conditions 

considered in this study is shown in Fig. 1. Since the fuel 

rods in the reactor core are regularly arranged in the 

transverse direction, the unit shape was considered, and 

symmetry plane boundary conditions were set in the 

transverse direction. The conformal meshes were set to 

describe the heat transfer between fluid and solid cell 

zones. The volume and surface mesh growth ratios were 

adopted to less than 1.2. 

This study was conducted in two steps: flow analysis 

and heat transfer analysis. First, the flow analysis used 

periodic boundary conditions for the inlet and outlet to 

simulate the fuel rod and cooling channel of infinite 

length. After the flow analysis was performed, all 

physical parameters were frozen. The energy 

conservation equation with a volumetric heat source was 

solved for the conjugate heat transfer analysis. The 

superheated water's temperature at the inlet was set as the 

boundary condition. 

 

2.3. Simulation cases 

Fig. 2 shows the cross-section of the fuel rod and 

cooling passage considered in this study. The analysis 

was conducted considering four types of cross-sectional 

shapes. A circular case was set as a reference, and 

elliptical (ratio of the major and minor axis is 1.2), 

regular hexagonal, and square shapes were considered. 

The volume of the fuel rod in each case was set constant 

to keep total heat generation. 

To compare the heat transfer performance, all rods 

have the same volumes because of the convective effects 

of coolant flow with the same mean velocity in the 

channel. Circle and ellipse shapes have almost the same 

heat transfer areas; however, regular hexagon and square 

cases have larger heat transfer areas of 5.0% and 12.9%, 

respectively. Therefore, the heat flux was considered to 

compare case each case. 

Fig. 1. Computational domain and boundary conditions 

for a fuel rod heat transfer analysis. 
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The present study used Ansys Inc.'s Fluent®  R19.1, 

commercial CFD software, for solving the flows and 

temperature distribution. The computational meshes 

used were approximately 490,000 in the form of square 

and triangular prisms. A case was taken 3 hours for flow 

analysis and 2 hours for heat transfer analysis with Intel®  

Xeon®  Gold 6348@2.60GHz 56 CPUs with HPC 

clustering. 

3. Simulation Results 

 

Fig. 3 shows the heat fluxes and convection heat 

transfer coefficients on the fuel rod walls for case studies. 

The mean heat transfer coefficient was considered to 

compare quantitatively and can be calculated as follows: 

 

havg = 
∑ hiAif

∑ Aif

 (4) 

 

where havg is the mean heat transfer coefficient, f is the 

face, hi is the local heat transfer coefficient, Ai is the face 

area on the wall. The local heat transfer coefficients are 

calculated based on the Prandtl number and near wall 

velocity. The heat fluxes have a similar level in the cases 

of circular and ellipse; however, the heat fluxes of a 

regular hexagon and square cases were predicted to be 

relatively lower than round wall surfaces. On the other 

hand, the convection heat transfer coefficient was the 

smallest in the case of the circular shape, and it became 

more significant in regular hexagon and square shapes. 

The circular and ellipse shapes have relatively uniform 

convection heat transfer coefficients spatially, whereas 

the regular hexagon and square relatively have larger 

convection heat transfer coefficients at the corners. The 

more uniform the velocity distribution of the cooling 

water near the wall, causes more effective the heat 

transfer. 

Fig. 4 illustrates the pressure drops in the longitudinal 

length for case studies. The lower the pressure drop, the 

lower the pump's power loss, causing the pressure for 

transporting the cooling water to be smaller. The circle 

and/or ellipse cases with curved surfaces have better 

pressure drop characteristics compared to the angled 

shapes of the regular hexagon and squares. The best 

pressure characteristic through the case studies was the 

elliptical coolant channel. The ellipse showed a smaller 

pressure drop of approximately 4% compared to the 

circular shape. According to the present studies' results, 

the elliptical fuel rod shape is more suitable for the cross-

sectional shape of the flow path than the circular shape. 

 
4. Concluding Remarks 

 

In the present study, the heat transfer and pressure 

drop characteristics based on the cross-sectional shapes 

of four fuel rods were numerically studied. The heat 

fluxes and the convection heat transfer coefficients 

according to the shape had reversed trends. The shape of 

the ellipse fuel rod was observed as the best pressure 

drop characteristic in this study. For further study, we 

plan to study the shape of the cooling channel with better 

performance through numerical analysis of the coolant 

passages for various fuel rod shapes. 
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