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ABSTRACT 
 
The High-temperature Gas-cooled reactor (HTGR) is a Next Generation Nuclear System that has a good chance 

to be used as energy generation source in the near future owing to its potential capacity to supply hydrogen 

without greenhouse gas emission for the future humanity. Recently, improvements in the HTGR design led to 

the Very High Temperature Reactor (VHTR) concept in which the outlet temperature of the coolant gas reaches 

to 1000
o
C increasing the efficiency of the hydrogen and electricity generation. Among the core concepts 

emerging in the VHTR development stands out the prismatic block which uses coated fuel microspheres named 

TRISO pressed into cylinders and assembled in hexagonal graphite blocks staked to form columns. The graphite 

blocks contain flow channels around the fuel cylinders for the helium coolant. In this study an analysis is 

performed using the CFD code CFX 13.0 on a prismatic fuel assembly in order to investigate its thermo-fluid 

dynamic performance. The simulations were made in a 1/12 fuel element model of the GT-MHR design which 

was developed by General Atomics. A numerical mesh verification process based on the Grid Convergence 

Index (GCI) was performed using five progressively refined meshes to assess the numerical uncertainty of the 

simulation and determine adequate mesh parameters. An analysis was also performed to evaluate different 

methods to define the inlet and outlet boundary conditions. In this study simulations of models with and without 

inlet and outlet plena were compared, showing that the presence of the plena offers a more realistic flow 

distribution. 

 

 

1. INTRODUCTION 
 

The 4th generation advanced reactors are characterized mainly by minimal radioactive waste 

generation, increased resistance to proliferation of nuclear materials and inherently safe 

systems. Among the advanced reactor concepts the High Temperature Gas-cooled Reactor 

(HTGR) or Very High Temperature Reactor (VHTR), shown in Figure 1 stands out due to the 

possibility of using its high temperature gas outlet as a direct heat source for hydrogen 

production by sulfur-iodine thermo chemical process. Hydrogen is the third most abundant 

element on the planet and its use as an energy source can reduce dependence on fossil fuel 

reserves and thus reduce the emissions of greenhouse gases. 
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Figure 1. The reactor VHTR (Adapted from [1]). 
 

A popular reactor core concept for the graphite moderated helium (He) cooled thermal VHTR 

is the prismatic design with solid compact fuel rods. In this core the fuel assemblies show in 

Figure 2 are pilled prismatic graphite blocks with vertical cylindrical channels where He 

cooling gas flows parallel to the fuel rods. The rods consist of compacted TRISO (Tri-

isotropic) particles in which the fuel kernel, typically UO2, is surrounded by a low density 

pyrolytic carbon buffer layer and three structural layers (high density pyrolytic carbon -PyC/ 

silicon carbide-SiC/ PyC). 

 

 

Figure 2. Prismatic reactor fuel assembly (Partially adapted from [2]).  

 

Due to the complexity of the flow and heat transfer in the prismatic reactors fuel assembly, 

many studies have been conducted utilizing Computational Fluid Dynamic (CFD) codes that 

are capable of providing detailed spatial information of the flow assisting the development of 

this type of reactor [3, 4 and 5]. 

 

This paper presents a CFD study of the He flow through a prismatic VHTR fuel assembly 

utilizing the commercial code CFX 13.0 [6]. These are initial studies with the objective to 

define a procedure for the simulation of this type of reactor using CFD codes. 
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2. NUMERICAL METHODOLOGY 
 

The numerical analysis was performed using the commercial CFD code CFX 13.0 [6], that 

applies the finite volume method to solve the RANS equations for mass, momentum and 

turbulence model. A solution verification study was performed according to ASME 

Verification and Validation standard [7] to evaluate mesh uncertainty and a study of entrance 

and outlet boundary conditions was performed to assess these conditions influence on results. 

Details of the numerical modeling are presented in the next subsections. 

 

2.1. The Model 

 

Figure 3 shows the view from inside the reactor developed by General Atomics PMR600/GT-

MHR [8] that was used as a benchmark for this numerical study. The He gas enters the 

bottom of the reactor vessel, flows through an annular region to the upper plenum, through 

which the gas enters the nucleus and flows in a downward direction inside the fuel 

assembly’s cooling channels of the graphite blocks, absorbing heat generated by the fuel from 

the adjacent channels, finally leaving at the bottom plenum to the heat exchanger. 

 

 

Figure 3. The inside of the reactor vessel and the cross-section of General Atomics 

PMR600 core (Adapted from [4]). 
 

The reduced model of the fuel assembly shown in Figure 4 was simulated. The model 

represents a 1/12 slice of the cross section of a fuel assembly due to the symmetry of the 

geometry. Half of the 1 mm gap between the lateral assemblies was included in the model 

that consists of 10 pilled graphite blocks with fuel rods each one with height of 793 mm and 

two reflector blocks with height of 396.5 mm at the extremities. The reflector blocks have 

graphite rods instead of fuel. Positions for burnable poison were not included in the 

simulation and were considered as graphite. Graphite plugs present at the extremities of each 

block were considered to have 36 mm of height and no power generation. The gap that exists 

between the fuel rod and the graphite block indicated in Figure 4 was removed and its 

influence modeled as a contact heat transfer resistance. The total length of the resulting fuel 

element model including blocks, plugs and reflectors was 8723 mm.  
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Figure 4. Simulated 1/12 section slice of the fuel assembly [units: mm]. 
 

A second model was also simulated to evaluate the influence of the boundary condition in the 

flow distribution in the channels and gap of the assembly. This model consists of the same 

geometry of the previously presented model with the addition of an entrance and exit region 

as also show in Figure 4.   

 

2.2. Mesh Parameters 

 

A solution verification study was performed according to ASME CFD Verification and 

Validation standard [7] to evaluate mesh uncertainty and proper mesh parameters for the 

assembly’s simulation. Five gradually refined meshes were generated for the model 1 without 

entrance/exit regions shown in Figure 4. 

 
Extruded prismatic meshes with hexahedral near the wall elements (inflated) were generated 

applying the same mesh characteristics for the cooling channels, fuel rods and graphite block. 

Progressive grid refinements with a factor of 1.3 were applied to edge sizing, number of 

axially extruded layers, number of hexahedral layers and number of layers in the gap. The 

ratio between the height of the last hexahedral layer and the first prism was kept the same for 

all meshes. To do this, the growth rates of the hexahedral layers were adjusted for each case, 

since the numbers of layers were varied according to the mesh refinement. The first 

hexahedral layer was fixed with a height of 0.11614 mm in order to maintain a constant y
+
 of 

~11 for all simulated meshes. This was done to avoid misleading mesh convergence 

conclusions due to changes in the properties calculated by the wall function that is a directly 

related to y
+
.  
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The characteristics of the generate meshes are shown in Table 1. The table includes the 

resulting grid refinement ratio (r) and representative grid edge size (h) defined by Equations 1 

and 2, respectively. Figure 6 shows some details of the meshes 1, 3 and 5. 

 r� � h���� 
���� ��� ��� h����� ��� �⁄  (1) 
 h� � �Model volume Number of elements of i mesh⁄ %�/' (2) 

 

Table 1. Meshes characteristics. 

 Mesh 1 2 3 4 5 

Edge size [mm] 0.7 1.0 1.3 1.69 2.197 

N
o
 of axially extruded layers 429 330 231 162 113 

N
o
 of hexahedral layers 13 10 7 5 4 

Growth rate (hexahedral) 1.04037 1.09680 1.2 1.40364 1.71524 

Number of layers (Gap) 4 3 2 1 1 

Growth rate (Gap) 0.86450 0.96070 1.2 - - 

Total elements 25,323,990 11,866,140 4,861,164 2,029,536 930,668 

hi [mm] 1.86 2.40 3.23 4.32 5.61 

ri 1.29 1.35 1.34 1.30 - 

 

 

     Figure 6. Meshes 1, 3 and 5. 

Mesh 1 Mesh 3 Mesh 5 
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For the second model the optimum mesh defined in the study with the model 1 was used. The 

entrance/exit regions were meshed applying the optimum edge size. A smooth transition 

between the extremity regions and the fuel assembly were applied to avoid sudden element 

size alterations. 

 

2.3. Boundary Conditions and Material Properties 

 

For the model without entrance/exit regions the boundary conditions were defined according 

to the reference work of Tak et al. [4] using the thermo-fluid conditions shown in Table 2. As 

in the reference paper the assembly’s power was considered to have a uniform density profile 

and the refrigerant flow in the gap was considered as 1.1% of total He flow through the fuel 

assembly. This flow percentage was obtained by Tak et al. [4] through simple 1D simulation. 

Uniform velocity profiles were defined at the entrance of the channels and gap and 0 Pa 

relative pressure was defined at the outlet. Symmetry condition was defined in the lateral 

slices and at the center of the gap between assemblies. The gap between the fuel rod and 

graphite block was modeled as a contact resistance equivalent to 0.125 mm of stagnant He 

transferring heat only by conduction. 

 

Table2. The reference thermo-fluid conditions. 

Parameter 
Assembly 

(Tak et al. [4]) 

Assembly Power [MW] 5.88 

Compact Power Density [MW/m
3
] 31.1 

Reference Reactor Pressure [MPa] 7.0 

Assembly flow rate [kg/s] 2.46 

Inlet He temperature [°C] 490 

Expected He outlet temperature [°C] 950 

Gap bypass flow fraction [%] 1.1 

 

For the model 2, with entrance/exit regions, a uniform velocity profile was defined at the 

entrance with a total mass flow equal to the presented in Table 2. At the outlet a 0 Pa relative 

pressure condition was defined. The lateral walls of entrance/exit regions were set as 

symmetry. The remaining parameters were defined in the same manner as previously 

described.  

 

Three materials regions were simulated with both models: fuel compact, graphite and He. A 

constant density of 2.32 g/cm
3
, which was defined by considering the concentration of 

TRISO, graphite spheres (shim) and paste obtained in the work by General Atomics [8], was 

used for the compact fuel. Graphite and He densities were also defined as constant with 

values of 1.74 g/cm
3
 and 0.1787x10

-3
 g/cm

3
, respectively. Thermal conductivity, heat 

capacity and viscosity (He) were considered variable with temperature according to tables 

presented in Tak et al. [5] and NIST [9].  
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2.4. The Numerical Simulation 

 

All simulations were performed for steady state condition using the high resolution numeric 

scheme (formally second order) for the discretization of the conservation and k-ε turbulence 

model equations terms. A residual RMS target value of 10
-7

 was defined as the convergence 

criteria for the simulations. Double precision was used in all simulations. Six parallelized 

workstations with two 4 core processor and 24 GB of RAM were used for all simulations 

amounting to ~25 hours of computing time per simulation.  

 

The five meshes of the model without entrance/exit regions were simulated first. Their results 

were used to evaluate mesh uncertainties and chose mesh properties that would give a 

reasonable computational cost / benefit relation in subsequent simulations. Using the chosen 

mesh characteristics, the mesh for the model with entrance/exit regions was generated and 

simulated. The results obtained with this model were then compared to previous studies and 

simulations.  

 

 

3. RESULTS AND ANALYSIS  
 

The simulations results from the five meshes of model 1 without entrance/exit regions were 

used to perform a grid refinement study based on the Grid Convergence Index method (GCI) 

of the Standard for Verification and Validation in Computational Fluid Dynamics and Heat 

Transfer – V&V 20 [7]. The theoretical basis of the method is to assume that the results are 

asymptotically converging towards the exact solution of the equation system as the mesh is 

refined with an apparent order of convergence (p) that is in theory near the order of the 

discretization scheme. The objective of the method is to determine p utilizing three 

systematically refined meshes and in relation to the finest grid result determine a 95% 

confidence interval (±U95% = ±GCI) where the exact solution is. In other word, the objective 

is to determine the expanded uncertainty interval due to the grid for the fine mesh. 

 

Considering the representative grid edge sizes h�(� ) h� ) h��� and grid refinement ratios r� � h��� h�⁄ , the apparent order of convergence p can be determined by Equations 3, 4 and 5. 

 

p� � 1
ln�r�% |ln|ε��� ε�⁄ | - q�p�%|                                                      �3% 

q�p�% � ln 0 r��1 2 s
r����1 2 s3                                                               �4% 

s � 1 · sgn�ε��� ε�⁄ %                                                                  (5) 

 

where ε8�� � 9��: 2 98��, ε8 � 98�� 2 98, 9k denotes the variable solution on the k
th

 grid 

and sgn is the signal function (sgn(x) = -1 for x < 0; 0 for x = 0 and 1 for x > 0). 

 

It is recommended by the standard that the obtained value of p be limited to the maximum 

theoretical value, which for the high resolution discretization scheme is 2. Also the value of p 

can be limited to a minimum of 1 to avoid exaggerations of the predicted uncertainty, 

however when limited it is recommended that the obtained value is presented for comparison.  
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With the value of p an extrapolated value for an infinitely refined mesh can be calculated 

using Equation 6 and the GCI can be obtained with Equation 7 applying a empirical Factor of 

Safety, Fs, equal to 1.25. 

 

9<�� � =r��19� 2 9���> =r��1 2 1>?  (6) 

GCI� � Fs · ε8
r��1 2 1                                                                  �7%  

 

Table 3 shows the results obtained applying the V&V 20 [7] method for four variables as 

recommended by the standard. The obtained values for GCI indicate that the utilized meshes 

are well converged towards the exact solution and that even for mesh 3 the uncertainty 

interval in within very reasonable values. 

 

Table 3. Simulation results analyzed according to GCI method of V&V 20 [7]. 

φ  
Maximum fuel  

temperature (ºC)  

Maximum He 

velocity in  the 

channels (m/s) 

Pressure loss 

through the 

channels (kPa) 

Pressure loss 

through the gap 

(kPa) 

φ1 1119.79 50.827 -25.528 -10.976 

φ2 1119.80 50.857 -25.653 -10.887 

φφφφ3333    1120.59 51.094 -25.854 -10.668 

φ4 1119.23 51.227 -26.164 -10.150 

φ5 1117.45 51.449 -26.718 -9.986 

p1 2.00 2.00 1.14 2.00 

p2 1.85 1.85 1.56 2.00 

p3 1.39 2.00 2.00 2.00 

φ1
ext 1119.77 50.782 -25.153 -11.110 

φ2
ext 1118.72 50.533 -25.313 -11.157 

φ3
ext 1123.31 50.925 -25.460 -11.323 

ε1
 
 0.01 0.030 0.125 0.089 

ε
 
2

 
 0.79 0.237 0.201 0.220 

ε
 
3 1.36 0.133 0.311 0.518 

ε
 
4 1.78 0.222 0.554 0.164 

GCI1 0.01901 0.05664 0.46889 0.16822 

GCI2 1.34482 0.40458 0.42518 0.33752 

GCI3 3.39520 0.21040 0.49150 0.81960 

 

As the estimated uncertainty intervals of the interest variables were considered acceptable, 

mesh 3 was selected as the optimum mesh and used for analysis in the remaining of the study. 

The parameters of mesh 3 were applied to the generation of the mesh for model 2 that has 

entrance/exit regions.  
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Figure 7 shows the temperature contours obtained at the position of highest temperatures for 

model 1 positioned at 8.284 m from the bottom end of the assembly. Higher temperatures for 

the fuel and coolant are observed near the center of the assembly (Point A) and the fuels hot 

spot is in the center of the rod indicated in the figure.  

 

 

 
 

Figure 7. Temperature distribution at the maximum temperature plane.  

 
Figure 8 displays the temperature and velocity distribution along the assembly’s length. With 

an average inlet velocity of 26.61 m/s the coolant gas accelerates to an average of 42.67 m/s 

at the outlet due to heating. The lack of heat generation at the extremities of each block due to 

the presence of plugs can be observed by the temperature distribution. 

 

 

 
 

Figure 8. Temperature and velocity distribution along the assembly.  
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The results obtained for some interest variables by Tak et al. [4], model 1 and model 2 are 

presented in Table 4. It is interesting to observe that for global variable there are little relative 

differences between model 1 and Tak et al. [4]. Comparing models 1 and 2 greater differences 

appeared especially for gap related variables and maximum fuel temperature and temperature 

variation (DT) in the plane shown in Figure 7, which were the variables more affected by 

flow distribution.      

 

Table 4. Comparison of the cores with and without inlet and outlet channels 

Tak et al.[4] Model 1 Model 2 
% Difference 

Tak et al. [4] 

vs Model 1 

Model 1 vs 

Model 2 

Maximum T [
o
C] 1119 1120.6 1135.9 0.14 1.37 

Maximum V [m/s] 50.8 51.094 51.058 0.58 -0.07 

Average outlet T [
o
C] 952.1 955.15 954.9 0.32 -0.03 

Average gap outlet T [
o
C] 944 951.32 949.7 0.78 -0.17 

Average fuel T [
o
C] 868 862.95 863.54 -0.58 0.07 

Maximum fuel DT* [
o
C] - 63.61 88.34 - 38.88 

Maximum He DT* [
o
C] - 127.92 126.36 - -1.22 

Total pressure loss [kPa] 25.2 25.854 25.487 2.60 -1.42 

Gap pressure loss [kPa] - 10.668 27.59 - 158.62 

Gap mass flow [g/s] 2.26 2.26 3.78 0.00 67.26 

* At the maximum temperature plane shown in Figure 7. 

 

Figure 9 shows the temperature profiles along lines AC and BC displayed in Figure 7 

obtained by Tak et al. [4], model 1 and model 2. Although Tak et al. [4] model and model 1 

used the same boundary conditions and turbulence modeling and global variable values are 

similar, significant differences can be observed for the profiles. These differences emerge due 

to the performed mesh study on model 1 that enabled the choice of proper and reliable mesh 

parameters that highly influence the result.    

 

 

Figure 9. Temperature distribution along lines AC and BC (displayed in Figure 7) for 

Tak et al. [4], model 1 (with uncertainty interval) and model 2. 
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Comparing the results obtained by models 1 and 2, shown in Figure 9, it can be observed that, 

as expected, by not assuming a prescribed flow rate in the gap and allowing the physics of the 

flow determine the mass distribution along the coolant channels different temperature profiles 

were obtained in model 2 with greater differences between the temperature at the center of 

the assembly and the gap (2.3 
o
C and 42.1 

o
C for model 1 and 2 respectively). 

 

The differences between models can also be observed in Figure 10 that shows the average 

temperature and mass flow along radial positions from the center of the assembly at the outlet 

of the channels. Comparing models 1 and 2 it is observed that mass flow is reduced in the 

center of the assembly, thus increasing the coolant temperature, and increase near the 

extremity, thus reducing the coolant temperature due to the change in the outlet boundary 

condition. This highlights the effect of including a more physically accurate entrance region 

in the simulated model.    

 

 
 

Figure 10. Coolant channels outlet average temperatures along the shown lines. 
 

Even though Tak et al. [4] physical model is equal to model 1, by comparing all the models 

results in Figure 10 an interesting observation is made that model 2 result is closer to Tak et 

al. [4]. The reason for this observation is that although the physical model is the same, the 

numerical models for model 1 and Tak et al. [4] are different. Model 1 uses high resolution 

discretization scheme for the turbulence model terms with double precision solution to an 

RMS of 10
-7

 while Tak et al. [4] uses upwind scheme for turbulence, single precision solution 

to an RMS of 10
-6

. Beside these parameters a solution verification study was performed for 

model 1 to determine adequate mesh sizing, which was not performed by Tak et al. [4]. This 

way the difference between results is expected. The tendency observed by Tak et al. [4] 

model results demonstrates an effect discussed by Roach [10] that without a solution 

verification the numerical uncertainty can compensate modeling differences and lead to 

incorrect conclusions as to the model it’s self. In other words, if one should compare blindly 

the results of Figure 10 he could conclude that model 2 and Tak et al. [4] are the physically 

most similar models.   

 

 

1

2

3

4

5

6

7 (Gap)

920

930

940

950

960

970

980

990

1000

1 2 3 4 5 6 7

T
em

p
er

a
tu

re
 [

ºC
]

Line

Tak et al. [4]

Model 1

Model 2

-1.0

-0.5

0.0

0.5

1.0

1 2 3 4 5 6 7

M
a

ss
 F

lo
w

 [
g
/s

]

Line

(Model 2 - Model 1)



INAC 2011, Belo Horizonte, MG, Brazil. 

 

4. CONCLUSIONS   

 
CFD simulations of the He flow through a prismatic VHTR fuel assembly utilizing the 

commercial code CFX 13.0 were performed. Two geometrical models of a 1/12 fuel assembly 

were studied. Model 1 had no coolant entrance/exit flow regions and was set with the same 

boundary conditions used in the work performed by Tak el al. [4]. A grid refinement study 

based on the Grid Convergence Index method (GCI) of the Standard for Verification and 

Validation in Computational Fluid Dynamics and Heat Transfer (V&V 20) was performed on 

model 1 using five progressively refined meshes.  Uncertainty intervals due to the grid for the 

interest variable were estimate and optimal mesh parameters were chosen for the generation 

of the mesh for model 2 that had entrance/exit regions for the flow. 

 

Results shown that by performing a grid refinement study based on the V&V 20 the 

simulation becomes more credible as there is a quantification of the variation of variables due 

to the mesh, allowing the models to be compared with a higher degree of confidence. The 

procedure also enables the proper choice of optimized mesh parameters as decisions may be 

taken based on quantifiable parameters. 

 

Comparing models with and without entrance/exit regions showed that the more physical 

approach is to include these features allowing that the flow distribution to be arranged by the 

hydrodynamics of the model. Imposing any form of pressure loss or mass flow within the 

channel could lead to erroneous conclusions on critical parameters as hot spot temperature 

and total pressure loss. 

 

Although this is an initial study, progress has been made thwarts defining a numerical 

procedure for the simulation of prismatic VHTR cores using CFD codes. More study should 

be made to evaluate the influence of the inlet flow condition as it was observed that even 

small variations in mass flow distribution through the coolant channels can result in 

significant differences in temperature profiles.   

 

 

ACKNOWLEDGMENTS 
 

The authors would like to thank Fundação de Amparo à Pesquisa do Estado de Minas Gerais - 

FAPEMIG and project Institutos Nacionais de Ciência e Tecnologia (INCT) of innovative 

reactors for their continuous support and funding of students scientific internship and 

computational resources.     

 

 

REFERENCES 
 

1. NERAC and GIF, “A Technology Roadmap for Generation IV Nuclear Energy Systems”, 

U.S. Nuclear Energy Research Advisory Committee (NERAC) and the Generation IV 
International Forum (GIF), (2002) 

2. Yan, X. L. and Hino, R., “Nuclear Hydrogen Production Handbook”, CRC Press, 1st 

Edition, p. 219, (2011).  

3. Sato, H., Johnson, R. and Schultz, R., “Computational fluid dynamic analysis of core 

bypass flow phenomena in a prismatic VHTR”, Annals of Nuclear Energy, vol. 37, p. 

1172-1185, (2010). 



INAC 2011, Belo Horizonte, MG, Brazil. 

 

4. Tak, N.-I.,  Lee, W. J., Kim, M.-H., “Numerical investigation of a heat transfer within the 

prismatic fuel assembly of a very high temperature reactor”, Nuclear Engineering and 
Design, v. 35, p. 1892-1899, (2008). 

5. Tak, N.-I., Kim,Y. W., Choi, J.-H., Lee, W. J., “Termo-fluid investigation on a double-

side-cooled annular fuel for the prismatic very high temperature gas-cooled reactor”, 

Nuclear Engineering and Design, v. 238, p. 2821-2827, (2008). 

6. ANSYS, “CFX-13.0 User Manuals”, ANSYS, (2010). 

7. ASME, “Standard for Verification and Validation in Computational Fluid Dynamics and 

Heat Transfer - V&V 20”, ASME, (2009).  

8. General Atomics, “GT-MHR conceptual design description report. Part I”, General 
Atomics, (2002). 

9. NIST, “Thermophysical properties of fluid systems”, National Institute of Standards and 
Technology - NIST, http://webbook.nist.gov/chemistry/fluid/, (2007). 

10. Roache, P. J., “Fundamentals of Verification and Validation”, Hermosa Publishers, 

(2010). 


