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ABSTRACT 

 
The high temperature gas cooled reactor (HTGR) is one of candidates of next generation of nuclear reactor 

according to IAEA report 2013. Evaluation of thermohydraulic performance and an experimental comparison 

results were proposed to the international research community. In this article, the tree dimensional CFD 

thermohydraulic modelation of steady state of HTR-10 modular reactor, using ANSYS CFX v14.0, has been done. 

Code-to-code and Code-to-experiment benchmark analyses, related to the testing program of the HTR-10 plant 

including steady state temperature distribution with the reactor at full power, were developed. The 3D real scale 

representation of reflector zone and fluid path flow inner and outer reflector blocks and cold helium cavity were 

carried out.  The porous medium model was used to simulate the core zone in the reactor. The power distribution 

of the initial core published by IAEA-TECDOC-1694 obtained by Chief Scientific Investigators (CSIs) from 

China was used as heat sources in the core zone. 

  

 

1. INTRODUCTION 

 

Current growth of the energy demand and the perspective of a great increment in the future, 

added to the exhaustion of the fossil fuels, have forced the world to look for new viable 

alternatives of energy production. The use of nuclear energy for power production, remains an 

alternative to the global energy matrix. It is necessary to continue improving existing nuclear 

technology for energy production and developing new ones. Some of the challenges of nuclear 

power can be summarized as: problems of global warming, management of spent nuclear fuel, 

and the danger of proliferation of nuclear weapons, achieve higher levels of security, to lower 

the cost of energy production, etc. 
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The high temperature gas cooled reactor (HTGR) is one of candidates of next generation of 

nuclear reactor according to U.S. DOE Nuclear Energy Research Advisory Committee 

(NERAC) and the Generation IV International Forum (GIF) [1]. Evaluation of thermohydraulic 

performance and experimental comparison were proposed to the international research 

community. The HTR-10 was selected as reference reactor of HTGR experimental reactor by 

OIEA [2]. 

 

This test reactor project has been carried out under the National High Technology Research 

and Development (China) [3]. The 10 MW high temperature gas-cooled-test module (HTR-10) 

project was approved by the Chinese State Council in March 1992. ground was broken in 1994, 

and construction was completed in 2000. Initial criticality was achieved on 1 December 2000. 

The design of the HTR-10 reactor represents the design features of the modular HTGR which 

is primarily characterized by inherent safety features. The safety design philosophy deviates 

from the traditional approach which relies on highly reliable redundant and diversified active 

components and systems as well as their power supply. The HTR-10 test reactor should serve 

as a test facility to demonstrate the inherent safety features of the modular reactor design and 

help to win the credit from regulatory bodies, utilities and the public [4]. 

 

The thermal hydraulic calculation of the HTR-10 aims providing heat transport capability 

which can match with the heat generated by the core, so as to provide a set of thermal hydraulic 

parameters of the primary loop. Also, including the temperature distribution of the main 

components in the reactor, such as fuel elements, reflectors, reactor pressure vessel, etc. This 

includes the flow rate distribution and the pressure losses of the primary system for initial and 

equilibrium core, in order to meet the safety requirements under different operating conditions 

[5].  

 

On the other hand, Computational Fluid Dynamics (CFD) has shown substantial progress in 

recent years. Areas such as aeronautics, medical and automotive are in the forefront. 

 

Different computer simulation softwares were used to simulate nuclear reactors in recent years. 

Due to the complex processes and high safety requirements demand that this industry only a 

few softwares have been approved by the international scientific community. Programs such 

as ANSYS CFX, are still in stage of development and approval. In this article, a contribution 

is more in this regard. The simulations of HTR-10 were carried out with ANSYS CFX version 

14.0. Distributions of temperature, pressure and velocity profiles inside the reactor are the goal. 

Comparison code to code, and code to experiment is carried out. 

 

1.1. HTR-10 General Information 

 

The features of HTR-10 were described by Zuying Gao and Lei Shi [5]. The HTR-10 is a 

modular reactor where the reactor core is graphite, moderated and cooled by helium gas and 

spherical fuel elements are piled into a pebble bed. In normal operation, the reactor core is 

designed for a thermal power of 10 MW, a gas pressure and a mass flow in the primary circuit 

are 3.0 MPa and 4.32 kg/s, respectively, a gas outlet temperature of 700 °C and a gas inlet 

temperature of 250 °C. The schematic for the HTR-10 primary system is shown in Fig. 1. In 

this article just some parts of the reactor components were been modelling.  

 

In this model, the pebble bed is represented core with a diameter of 180 cm and a height of 197 

cm according with William K. T. et al [6]. This core is composed of about 27,000 spherical 
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fuel elements (equilibrium core). Each fuel pebble contains an inner fuel zone of 50 mm 

diameter, with the coated TRISO (tristructural isotropic) particles, and a fuel-free graphite shell 

of 5 mm thickness.  

 

The bottom structure of the reactor core is designed to be conical to facilitate free movement 

of the balls by gravity. The whole active core zone is enclosed by graphite neutron reflectors, 

which are categorized as the top, side, and bottom reflectors, see Fig. 1. 

 

 

 

 

2. MATERIALS AND METHODS 

2.1. Computational Domain and Boundary Conditions. 

 

With the help of mechanical design module, the representation was held of both the fluid 

portion and the reflector. The Fig. 2 (a), shows helium path. The Fig. 2 (b), shows an axial view 

of geometry reflector model. 

 

 

  

Figure 1 Schematic representation of HTR-10 with helium flux. 
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2.1.2. Fluid and core fuel zone 

 

The core fuel region was considered as a set of concentric cylinders and rings according to 

Garcia L. [6]. The fuel discharge tube, cone and core fuel region were defined as porous 

domain. The porous domain was assumed considering that in this region are packed 27, 000 

fully spherical fuel elements according [5]–[7].  

 

There are two main approaches for the CFD simulation of the close packed pebble geometry: 

the porous approach (used in this article) and the realistic approach. In the porous approach, an 

averaged concept of porosity is applied to simulate the close packed geometry [8]. 

 

 

In this article, a porous medium was consider as a region (core fuel zone) where the fluid 

(helium) have a similar behavior as a performance of fluid through the pebble bed. The main 

parameters of the porous medium are the porosity and permeability. Porosity is the volume 

fraction occupied by the void in porous media. For the distribution of pebbles with maximum 

bundled fraction of 0.61. we will have a porosity of 0.39. This value was determined in the 

benchmark [2]. 

 

The permeability k characterizes the flow conductivity of the porous array. There are several 

theories on how to calculate the permeability, most of them use the Navier Stokes and Darcy's 

law. Introducing the concept of hydraulic diameter (dℎ) defined as: 

 

dh =
4∗𝜀

𝐴0(1−𝜀)
      (1) 

 

where 𝜀 is the volume porosity, and A0 is is the specific surface area of the porous medium. 

The proposed model uses the tortuosity parameter that can be interpreted as a correction for the 

pressure gradient, the tortuosity is defined as: 

Coolant inlet 

channel to the 

core 

Cold helium plenum 

Cold helium flow 

through reflector 

Fuel discharging tube 

Side reflector 

Bottom reflector 

Hot helium exit tube 

Hot helium plenum 

Core fuel region 

Core cavity 

Cone  

Figure 2: Geometric models. Left, helium model; Right, axial cut of 

reflector model 

(a) (b) 
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𝜏 =
𝐿𝜀

𝐿
       (2) 

 

where L is the length of the straight line between the pressure taps, and L is the effective 

length. Finally, we define the permeability as: 

𝑘 =
𝜀∗𝑑ℎ

2

16∗𝑘𝑘
      (3) 

 

where 𝑘𝑘 = 𝑘0 ∗ 𝜏
2, which is the shape parameter equal to 2.5 to the packed bed also in bed 

tortuosity 𝜏 = √2  [9]. Finally, we obtain 

 

𝑘 =
𝜀3∗𝑑ℎ

2

36(1−𝜀)2∗𝑘𝑘
     (4) 

 

2.1.3. Reflector geometry 

 

The reflector model have some simplification to decrease the complexity of the geometry and 

therefore reduce the computational resources required for modeling (see Fig. 2-4). The reflector 

was represented as a cylindrical form in which are represented 10 control rod guide channels, 

20 cold gas channels and 10 shutdown absorber-ball channels instead of 7 ball shutdown absorb 

experimental channels and 3 channels in the original design (see Fig. 2 right). In this model, 

the graphite blocks were not represented joints details neglecting the interstitial region between 

the blocks. With these simplifications, it is further achieved radial symmetry that helps 

numerical calculations. The most important simplification made at the lower reflector is the 

representation of small channels 640 in the bottom cone by 30 larger equivalent diameter 

channels according with [10] [11][12] (see Fig. 3). These channels are connecting the core 

region of the reactor with the hot gas chamber.   

 

 

 

 

 

 

  

Figure 3 Simplified representation of the Bottom reflector. Left, original 640 

channels; Right, Model with 30 equivalent diameter channels. 
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In the Table 1, the boundary conditions by domain are shown: 

 

 

 

 

 

 

 

 

 

 

 

2.1.4. Fuel core model for HTR-10 

 

The construction of the HTR-10 core model was performed using ANSYS CFX 

which is a commercial CFD software. For heat transfer phenomenon, the thermal energy model 

was considered, even considering the enthalpy transport and also the effects of kinetic energy 

of the fluid. As turbulence model, the k-epsilon model was chosen [13]. The Table 2 shows the 

power distribution used [2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the Fig. 4, the front view is represented with the domain discretization (Fig. 4 (a)), the 

boundary condition and colorimetric scale of power density distribution in the core zone (Fig. 

4 (b)). 

  

Table 1: Boundary condition by domain and volume discretization. 

Domain Fluid Porous Solid 

Material Helium Helium Graphite 

Medium Fluid Porous Solid 

Inlet mass flow rate [kg/s] 3.76 - - 

Inlet static temperature  [ ºC ] 250.00 - - 

Outlet average static pressure [Pa] 0.00 - - 

Table 2: Power distribution of the initial core of HTR-10 (W/cm3) 

Z \ R 
[cm] 

6.5 13 19 25 39 50 60 70.5 83.5 90 

18 1.79 1.79 1.79 1.78 1.75 1.71 1.68 1.65 1.63 1.65 

36 2.12 2.11 2.10 2.08 2.06 2.01 1.95 1.89 1.86 1.89 

54 2.46 2.45 2.44 2.41 2.35 2.26 2.18 2.10 2.07 2.09 

72 2.61 2.60 2.58 2.56 2.49 2.43 2.33 2.27 2.22 2.22 

90 2.78 2.77 2.75 2.72 2.65 2.56 2.46 2.39 2.30 2.30 

108 2.84 2.84 2.82 2.79 2.71 2.55 2.45 2.33 2.26 2.26 

126 2.66 2.65 2.63 2.60 2.56 2.49 2.38 2.29 2.22 2.21 

144 2.49 2.49 2.47 2.44 2.37 2.29 2.19 2.08 2.01 2.00 

162 2.36 2.35 2.33 2.30 2.22 2.11 2.02 1.93 1.85 1.82 

180 2.33 2.32 2.29 2.25 2.16 2.02 1.93 1.83 1.73 1.66 

187 1.53 1.53 1.51 1.48 1.42 1.33 1.27 1.21 1.13 0.00 
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The properties of helium used as coolant in the reactor were calculated according to the German 

Safety Guide [14]. The helium heat capacity CpHelium = 5195 [J/kg K], d is the pebble diameter, 

KHelium is the helium thermal conductivity and the 𝜇Helium dynamic viscosity, which can be 

calculated just like that: 

 

𝐾𝐻𝑒𝑙𝑖𝑢𝑚 = 2.682 ∗ 10−3 ∗ (1 + 1.123 ∗ 10−3 ∗ 𝑃) ∗ 𝑇0.71(1−2∗10−4∗𝑃)  (5) 

 

𝜇𝐻𝑒𝑙𝑖𝑢𝑚 = 3.674 ∗ 10−7 ∗ 𝑇−0.7     (6) 

 

Where P[bar] is the pressure and T [K] the temperature.  

 

2.1.5. Reflector properties 

 

The reflector was simulated as a solid material according with IAEA benchmark [2]. The 

properties are presented in Table 3: 

 

 

 

Figure 4: Representation of model domains (left) and thermal power 

distribution inside reactor core (right) 

Table 3: Conductivity of graphite material of side reflector 

 

 

 

Fluid domain 

Porous domain 

Reflector domain 

Inlet 

Outlet 

Discharge 

tube 

 

(a) (b) 
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Also, the graphite density used is 1760 [kg/m3] according with [2].  

2.1.6. Domain discretization 

 

For the domain discretization, ANSYS Meshing module was used. As a result, the Table 4 

shows the general characteristics of the mesh in the domains of model. 

 

 

 

 

 

 

 

 

 

 

Low value of orthogonality angle may produce accuracy or convergence problems. The global 

orthogonality angle is the minimum in all domains. In spite of the minimum value obtained, 

this value just was obtained in less of 1% of fluid domain. 

 

 

 

3. RESULTS AND DISCUSSION 

 

Regarding safety, temperature of the fuel elements during normal operation and transients is a 

very important topic that should be studied in a nuclear reactor to assure the integrity of 

materials composing the fuel element and avoid the release of fission products [8]. 

 

Performance model verification during steady state operational conditions of the HTR-10 test 

facility is being evaluated in this article. Code-to-Code and Code-to-experiment benchmark 

analysis related to the testing program of the HTR-10 plant including steady state temperature 

distribution with the reactor at full power. 

 

3.1.1. Temperature profiles within the pebble bed 

 

The Fig. 5 shows the temperature profiles of the orthogonal axial plane and an isometric volume 

rendering representation of core section. The colorimetric scale represents the temperature in 

Celsius degree. The radial symmetry presented in this profiles is possible to remark. The 

maximum temperature are obtained around the cone form in the pebbled bed according with 

the [2] [5] [15]. The hot helium come down still the hot helium chamber and go out thought 

the exit tube. The minimum and maximum temperature are 250ºC and 785.85ºC respectively. 

 

  

Table 4: General characteristic of computational models. 

Domain Fluid Porous Solid All domain 

Material Helium Helium Graphite - 

Volume [m3]  Fluid Porous Solid - 

Elements [millions] 30.96 13.82 16.74 65.65 

Node 8.20 5.10 5.61 19.89 

Min Orthog. Angle [deg] 25.6 38.3 35.6 25.6 
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The Fig. 6 and Fig. 7, shows the calculated temperatures by different authors [2]. The similar 

profiles are obtained by different international research groups, discussed in [2], and the model 

proposed in this article shows the lower temperature profiles. It is important to note that the 

proposed model is a three-dimensional fluid approach, however, the other results are obtained 

from two-dimensional models. 

 

 

 

 

 

 

Figure 5: Temperature distribution. a) & b) axial temperature 

distribution; c) volumetric temperature profile 

CFX 

Figure 6: Comparison of axial temperatures at the central axis of the core fuel 

zone by different authors according with [2] and ANSYS CFX proposed model. 

b)  a)  c)  
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The Fig. 7 shows the temperature profile calculated by the proposed model at 0.80 cm radial 

plane. It is lower than the obtained in [2].  

The difference with the results of other researchers is because the model proposed considers 

the input channels to the fuel zone at the core. Thirty distributed radial slant channels which 

linking the cold helium plenum and the fuel zone like Fig. 1 This channels inject fluid jets 

toward the center of the reactor in order to get a better cooling of the core because the pebbles 

are stacked in the central area of the reactor core forming a cone about central zone which have 

a higher density of balls. 

3.1.2. Velocity profiles 

 

The velocity profile is shown in Fig. 8. Where, the helium rise until the cold plenum with 16 

m/s approximately and it enters into the core as a jets at 22 m/s. Then, the coolant through the 

reactor core flow at low speeds (between 2 m/s and 4 m/s) and arrive to the hot helium plenum 

when reaches maximum velocity of 67m/s and later decrease to 32 m/s approximately at exit. 

 

 

 

 

Figure 8: Velocity profile. Left and center axial cut representation. Right: 

volumetric representation and radial cut. 

Figure 7: Comparison of radial temperatures  profiles at 0.80 cm height in the core 

fuel zone by different authors according with [2] and ANSYS CFX proposed model. 

CFX 
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3.1.3. Pressure profile 

The drop pressure obtained was of 5.17 kPa approximately in whole model including the flow 

path and the fuel core zone. The greatest contribution to this pressure drop was in the core fuel 

zone 77.5% (4kPa). 

 

 

3.1.4. Side reflector temperature profile 

 

The Fig. 10 shows the temperature vs radial position profiles at different heights 0.80 cm, 1.70 

cm and 2.70 cm in the side reflector according with [2]. This figure shows the cooling capacity 

of graphite reflector in steady state of HTR-10. The temperature profile corresponding to 2.70 

m shown as the temperature drops of just over 600ºC in the inner wall of the reflector to 250ºC 

in the outer wall.  

 

 

Figure 10: Temperature inside the reflector. Left: Temperature vs radial position in the 

side reflector at height 0.80 cm, 1.70 cm and 2.70 cm. Right: Volumetric colorimmetric 

temperaruture representation with radial cut. 

Figure 9: Pressure profile at the HTR-10. Left and center axial 

cut representation. Right: volumetric representation. 
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In the Fig. 10, it is possible to observe de radial symmetry of the temperature profile around 

the core zone and the geometry position of the plane representation.  

 

The Fig. 11 and Fig. 12 show the comparison result of radial temperature profiles in reflector 

at z = 0.80 m and z = 1.70 m respectively. The both figures show that all the same tendency    

and all overrated the temperature in most of points at measured places. According [2], the 

engineering assessment of participants of Evaluation of High Temperature Gas Cooled Reactor 

Performance: Benchmark of HRT-10 suggested that agreement within 10% (50–100K) should 

be achievable. At certain places in the side reflector at z = 0.80 m and z = 1.70 m, the deviation 

between calculated temperature values and experimental are under 10%. 

 

 

 Figure 12: Comparison of radial temperature in reflector at Z = 1.70 m  

Figure 11: Comparison of radial temperature in reflector at Z = 0.80 m. 
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4. CONCLUSIONS  

 

The three dimensional CFD thermohydraulic simulation of steady state of HTR-10 Modular 

Reactor using ANSYS CFX v14.0 has been carried out. Code-to-experiment benchmark 

analysis related to the testing program of the HTR-10 plant, including steady state temperature 

distribution at full power, was developed. The 3D full scale representation of reflector zone 

and fluid path flow inner and outer reflector blocks and cold helium cavity were carried out. 

The porous medium model was used to simulate the core fuel zone of the reactor. 

 

Some important conclusions could be drawn from the present simulations and would be 

presented as follows: 

 

 The steady-state temperature distribution of the HTR-10 was obtained, and the 

minimum and maximum temperature are 250ºC and 785.85ºC respectively. 

 The three dimensional velocity and pressure profiles were obtained. 

 At reflector side the three dimensional temperature profile are according with the 

deviation between calculated temperature values and experimental, are inferior than 

10%. 

 

The three dimensional CFD thermohydraulic modeling of steady state of HTR-10 has many 

advantages, some assumptions made has to be improve. In future works will be improved 

geometric representation and include more element that make up the HTR-10 reactor, for 

example, carbon bricks. 
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