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ABSTRACT 
 
The 4

th
 generation Very High Temperature Reactor (VHTR) most popular concept uses a graphite-moderated 

and helium cooled core with an outlet gas temperature of approximately 1000
o
C. The high output temperature 

allows the use of the process heat and the production of hydrogen through the thermochemical iodine-sulfur 

process as well as highly efficient electricity generation. There are two concepts of VHTR core: the prismatic 

block and the pebble bed core. The prismatic block core has two popular concepts for the fuel element: multi-

hole and annular. In the multi-hole fuel element, prismatic graphite blocks contain cylindrical flow channels 

where the helium coolant flows removing heat from cylindrical fuel rods positioned in the graphite. In the other 

hand, the annular type fuel element has annular channels around the fuel. This paper shows the numerical 

evaluations of prismatic multi-hole and annular VHTR fuel elements and does a comparison between the results 

of these assembly reactors. In this study the analysis were performed using the CFD code ANSYS CFX 14.0. 

The simulations were made in 1/12 fuel element models. A numerical validation was performed through the 

energy balance, where the theoretical and the numerical generated heat were compared for each model. 

 

 

 

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 annular or cylindrical solid compact fuel rods. In the multi-hole 

core the fuel assemblies are pilled in prismatic graphite blocks with vertical cylindrical 

channels where He cooling gas flows parallel to the fuel rods. The same happens in the 

annular core, however the gas flows in annular channels. The cylindrical and annular 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 show the multi-hole and 

annular prismatic fuel assembly. 

 

  

Figure 2: Prismatic reactor fuel assembly (Partially adapted from [2]).  
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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 annular and multi-hole 

VHTR fuel assembly utilizing the commercial code CFX 14.0 [6]. These are initial studies 

with the objective to define a procedure for the simulation of this type of reactor using CFD 

codes and perform a comparison between these two models of prismatic fuel assemblies. 

 

 

2. NUMERICAL METHODOLOGY 
 

The numerical analysis were performed using the commercial CFD code CFX 14.0 [6], that 

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

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

 

 

2.1. The Multi-Hole and Annular Models 
 

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 reactor vessel and cross-section of a prismatic core (Adapted from [4]). 

 

 

The reduced model of the multi-hole 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 
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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 located at the extremities of each 

block were considered to have approximately 36 mm of height and no power generation. The 

gap that exists between the fuel rod and the graphite block indicated as “Fuel gap” 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. 

Entrance and exit regions were built to assure proper flow distribution in the channels and the 

gap of the assembly.  

 

 

 
 

Figure 4: Simulated 1/12 section slice of the multi-hole fuel assembly [units: mm]. 
 

 

As the multi-hole model, a reduced 1/12 model of the annular fuel assembly shown in 

Figure 5 was simulated. Half of the 1 mm gap between the lateral assemblies was included in 

the model that consists of 10 pilled graphite blocks with annular fuel rods each one with a 

height of 793 mm and two reflector blocks with a height of 396.5 mm at the extremities. The 

reflector blocks have annular graphite rods instead of fuel. Graphite plugs located at the 

extremities of each block and between the fuels and coolant channels were considered to have 

36 mm and 1.0 mm of thickness, respectively, both with no power generation. The total 

length of the resulting fuel element model including blocks, plugs and reflectors was 

8723 mm. Entrance and exit regions were built to evaluating the flow distribution in the 

channels and the gap of the assembly.  
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Figure 5: Simulated 1/12 section slice of the annular fuel assembly [units: mm]. 

 

 

The geometries of both models, multi-hole and annular, were compared and the differences 

between them are shown in the Table 1. The free flow area indicated in this table represents 

the cross sections areas of the channels and the gap where the coolant flows. The wetted 

perimeter represents the perimeter of the channels and gap boundaries of the models. The 

Active compact fuel volume is the volume of the annular and cylindrical fuels without the 

plugs. Table 1 also shows the percentage difference between the multi-hole (1) and the 

annular (2) models relative to multi-hole model of each variable. 

 

 

Table 1. Geometric parameters. 

 

  Multi-Hole (1) Annular (2) % Abs[(1-2)/1] 

Free flow area [m
2
] 0.00220 0.00392 78.18 

Wetted perimeter [m] 0.44400 1.02101 129.96 

Channels free flow area [m
2
] 0.00168 0.00332 97.62 

Gap free flow area [m
2
] 0.00052 0.00060 15.39 

Active compact fuel volume [m³] 0.01598 0.01401 12.35 

 

 

2.2. Multi-Hole Mesh Parameters 
 

An extruded prismatic mesh with hexahedral near the wall elements (inflated) was generated 

for the multi-hole model applying the same mesh characteristics for the cooling channels, fuel 
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rods and graphite block. The ratio between the height of the last hexahedral layer and the first 

prism was kept approximately 1/4. The height of the first prismatic layer outside the wall was 

kept constant in all domains of the model. The characteristics of the generated mesh are 

shown in Table 2. These characteristics were determined based on a preliminary study 

performed by Ribeiro et al. [11].  

 

 

Table 2: Multi-hole model mesh characteristics. 

 

Edge size [mm] 1.3 

N
o
 of axially extruded layers 262 

N
o
 of hexahedral layers 7 

First layer height [mm] 0.0502 

Growth rate 1.2 

N
o
 of hexahedral layers (Gap) 2 

First layer height (Gap) [mm] 0.08 

Growth rate (Gap) 1.2 

Total cells [x10
6
] 24 

 

 

2.3. Annular Mesh Parameters 
 

The method used to generate the mesh of the annular model was the same of the multi-hole 

type. In this case, an extruded prismatic mesh with hexahedral near the wall elements 

(inflated) were generated applying the same mesh characteristics for the cooling annular 

channels, annular fuel rods and graphite block. The ratio between the height of the last 

hexahedral layer and the first prism was kept approximately 1/4 too. The maximum 

hexahedral layers thickness (inflation thickness) was fixed with a height of 1.5 mm outside 

the gap and 0.15 on the gap. These characteristics were determined based on a recently study 

performed by Pinto et al. [12]. The mesh characteristics of annular model are shown in 

Table 3. 

 

 

Table 3: Annular model mesh characteristics. 

 

Edge size [mm] 1.5 

N
o
 of axially extruded layers 212 

N
o
 of hexahedral layers 7 

Growth rate (all domains) 1.2 

Inflation Thickness [mm] 1.5 

Inflation Thickness (Gap) [mm] 0.15 

Total cells [x10
6
] 14 

 

 

Figure 6 show views of the central cross section of multi-hole and annular meshes. From this 

figure, it is possible to see with more detail the characteristics of the models meshes. 



INAC 2013, Recife, PE, Brazil. 

 

 

 

Figure 6: Multi-Hole and Annular meshes. 
 

 

2.4. Boundary Conditions and Material Properties 
 

For both models the boundary conditions were defined according to the reference work of 

Tak et al. [4] using the thermo-fluid conditions shown in Table 4. The assembly’s were 

considered to have uniform power density profiles. The inlet boundary conditions were 

defined as uniform velocity profiles with 5% turbulence intensity and the outlets were set 

with a relative pressure of 0 Pa. Symmetry condition was defined in the lateral slices and at 

the center of the gap between assemblies. In the multi-hole model, 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. The lateral walls of entrance/exit regions 

were set as symmetry. 

 

 

Table 4: Thermo-fluid conditions. 
 

Parameter Multi-hole assembly [4] Annular assembly [4] 

Assembly Power [MW] 5.88 5.99 

Compact Power Density [MW/m
3
] 31.1 36.8 

Reference Reactor Pressure [MPa] 7.0 7.0 

Assembly flow rate [kg/s] 2.46 2.46 

Inlet He temperature [°C] 490 490 

Expected He outlet temperature [°C] 950 950 

 

 

Three materials regions were simulated in 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 density was also defined as constant with values of 

1.74 g/cm
3
. Density, 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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2.5. The Numerical simulations 

 

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 numerical parameters and the 

boundary conditions of both models are shown in Figure 7. 

 

 

 

 

Figure 7. Numerical parameters and the boundary conditions multi-hole (MH) and 

annular (A) models. 
 

 

3. RESULTS AND ANALYSES  
 

A simple validation of the simulations was performed by evaluating the energy balance for 

each model. The total theoretical energy for each model was calculated multiplying the 

compact power density by the compact active fuel volume (
fuelactiveV  

) of each model, as show 

in Equation 2. The total energy transferred to the flow in the numerical calculation were 

calculated according to Equation 1. 

 

 

DensityPowerVQ fuelactiveltheoretica   ⋅=  (1) 

 



INAC 2013, Recife, PE, Brazil. 

 

∫=

outlet

inlet

pnumerical dTcmQ &

  (2) 

 

 

Where T and cp are the specific heat and the temperature of the coolant in the inlet and in the 

outlet, m&  is the mass flow. 

 

Table 5 shows the validation results that were performed through the energy balance. 

 

 

Table 5. Models validation through the energy balance.  

 

  Multi-Hole (1) Annular (2) 

He outlet average temperature [°C] 954.72 960.57 

He inlet average temperature [°C] 490 490 

Qtheoretical [MW] 0.4970 0.5155 

Qnumerical [MW] 0.4948 0.5006 

% (Qtheoretical - Qnumerical)/ Qtheoretical 0.44 2.90 

 

 

As it can be observed in Table 5, the generated theoretical heat is different than the generated 

numerical heat in each model. This is due to numerical errors during the iterative solution of 

the discretized equations. Despite that the annular active fuel volume is smaller than the 

multi-hole fuel (Table 1), higher heat was generated for this model because the power density 

is higher (36.8 MW/m³) than the multi-hole model (31.1 MW), what can be observed on 

Table 4. The outlet coolant temperature is higher for the annular than the multi-hole model 

because the mass flow is the same and all the generated heat goes to the coolant when the 

steady state is reached. 

 

Figure 8 shows the temperature contours at the maximum temperature plane positioned 

8.284 m and 8.233 m downstream from the inlet of the fuel assemblies for the multi-hole and 

the annular model, respectively. The hot spot position in the max temperature plane of each 

model can be observed in this figure, where they are indicated by a crosshair. The hot spot 

positions near the center of the fuel elements for both models were not coincidence. Due the 

models design, the temperature increases near the center of the blocks and decreases away 

from the center where the presence gap between fuel assemblies increases the cooling. 
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Figure 8. Maximum temperature plane of both simulated models. 
 

 

The graphite block temperature for the multi-hole model is higher than the annular. This 

happens because the compact fuel is in directly contact with the block. In the annular model, 

it has an annular coolant channel between the fuel and the graphite block which works as a 

heat transfer resistance not allowing the increase of the blocks temperature.  

 

In the simulations the ratio between the hot spot and the mass flow averaged temperature on 

maximum temperature plane were 1.19 for multi-hole and 1.21 for annular models. Assuming 

that this field is constant, in other words, even with the variation of the total generate energy 

the hot spot and the mass flow averaged temperature on maximum temperature plane suffer 

linear changes, so that these ratios remain constants, the annular model will always have 

slightly higher hot spot temperature. This is an important characteristic for VHTR fuel design 

as hot spot temperature is critical for the safety of the fuel. However, as observed by the 

ratios values, both fuels are very similar. 

 

Table 6 shows the total pressure loss and the percentage of the total mass flow that went to 

the gap between fuel assemblies. As observed in the table, pressure loss of the annular model 

is considerably smaller than the multi-hole model. This is mainly due to the smaller free flow 

area of the multi-hole model, shown in Table 1. As a consequence the percentage of flow 

through the gap is also smaller in the annular model as shown in the table. Flow through the 

gap should be avoided during the design of the fuel element as this effect reduces the flow 

through the fuel and as a consequence increases the fuel temperature. This is especially a 

problem as graphite shrinks due to neutron flux and the gap only tends to grow as the fuel is 

used in the reactor [4].   

 

 

Multi-Hole Annular 
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Table 6. Numerical results. 

 

  Multi-Hole Annular 

Difference from 

multi-hole [%] 

Total Pressure loss through the fuel [kPa] 27.25 8.38 69.3 

% of flow through the gap 1.84 1.10 40.2 

 

 

4. CONCLUSIONS  
 

Simulations of the He flow through two prismatic VHTR fuel assemblies utilizing the 

commercial CFD code ANSYS CFX 14.0 [6] were performed. Two models of 1/12 of multi-

hole and annular fuel assemblies were studied. 

 

A validation was performed through the evaluation of the energy balance in the models. This 

validation was important to see that the difference between the numerical and theoretical 

generated heat occurred due the iterative solution errors of the discretized equations because 

of the little difference between the results. In the multi-hole model the difference was of 

0.44% and in the annular it was of 2.90%. 

 

Comparisons between the thermal-hydraulic results obtained in the simulations of both 

models showed that the hot spot temperature relative to the local average coolant temperature 

is similar for both models. Results also showed that the pressure loss of the annular model is 

69.3 % smaller than the multi-hole model due to the difference in free flow area between the 

models.  

 

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 studies 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 [11]. 
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