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ABSTRACT 
 
High-temperature gas-cooled reactors (HTGRs) have the potential to be used as possible energy generation 
sources in the near future, owing to their inherently safe performance by using a large amount of graphite, low 
power density design, and high conversion efficiency. However, safety is the most important issue for its 
commercialization in nuclear energy industry. It is very important for safety design and operation of an HTGR 
to investigate its thermal–hydraulic characteristics. In this article, it was performed the thermal–hydraulic 
simulation of compressible flow inside the core of the pebble bed reactor HTR (High Temperature Reactor)-10 
using Computational Fluid Dynamics (CFD). The realistic approach was used, where every closely packed 
pebble is realistically modelled considering a graphite layer and sphere of fuel. Due to the high computational 
cost is impossible simulate the full core; therefore, the geometry used is a FCC (Face Centered Cubic) cell with 
the half height of the core, with 21 layers and 95 pebbles. The input data used were taken from the thermal–
hydraulic IAEA Bechmark. The results show the profiles of velocity and temperature of the coolant in the core, 
and the temperature distribution inside the pebbles. The maximum temperatures in the pebbles do not exceed 
the allowable limit for this type of nuclear fuel.  

 
 

1. INTRODUCTION 
 
The pebble bed high temperature gas-cooled reactors are one of the main candidates for the 
next generation of nuclear power plants. In these reactors, the helium is used as coolant so to 
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circulate through of the interstitial spaces that exists among fuel pebble distributed randomly 
at core. It is, according [1], a competitive alternative in that the fuel can be loaded to maintain 
the criticality without the need for control rods, besides that the overall core status can be 
determined by measuring the burn-up of all of the released fuels. 
 
An appropriate safety analysis of this reactors core can be performed with the use of 
techniques of Computational Fluid Dynamics (CFD). With these simulation techniques, there 
are two major approaches: the porous approach and the realistic approach. Results obtained 
by [2] indicate that the anisotropic thermal-hydraulic characteristics within the closely packed 
pebble geometry can be simulated more satisfactory with the realistic approach, including the 
vortices and flow separation in the pores and the temperature distribution around the pebble 
surface. In this approach, each fuel pebble is modeled realistically. As noted in [3] the 
arbitrary arrangement of pebbles in the reactor core makes the realistic modeling more 
complex. In most of the simulations, is used a fixed arrangement of pebbles, including simple 
cubic (SC), body-centered cubic (BCC) or face-centered cubic (FCC) arrangements. 
 
In addition to results presented in [1], many other attempts based on CFD, have been 
developed in order to understand the complex fluid behavior in packed bed geometries. 
Taylor et al. [4] introduces in their simulations, an artificial spacing between adjacent pebbles 
and investigates the effect of this spacing in a unit cell of the pebble bed structure. In their 
simplified representation of the pebble bed, is used a BCC arrangement, in which each 
spherical pebble is placed at the center of a cell and is enclosed by eight 1/8-spheres in each 
edge of the same cell. In the works [5] and [6] are considered area-contacts between adjacent 
pebbles, based on the elasticity of the graphite layer of the fuel pebble. Simulations of 
turbulent transport for the helium gas through the gaps of the fuel elements were performed 
by [7] with the use of methodology of Large Eddy Simulation (LES). In [8], in turn, is 
analyzed the local heat transfer due to the complexity of fluid distribution in a pebble bed 
structured with the BCC arrangement. Several other works in the same research line are cited 
by [4]. 
 
Selected by [9] as one of the references for presentation the results of benchmark problems 
associated to high temperature gas-cooled reactors, the reactor HTR-10 is used in this work. 
With 10 MW of thermal power, it is a test reactor designed by the Institute of Nuclear and 
New Energy Technology Tsinghua University (next to Beijing, China). Moderate by graphite, 
the coolant (helium) achieves a core outlet temperature of 700°C, for generation of electrical 
power of 3 MW by steam turbine connected to it. The primary reactor system is shown in  
Fig. 1. 
 
The reactor core has a diameter of 180 cm and an average height of 197 cm. Graphite 
reflectors in the upper, lower and side regions surround the core. In the initial core, fuel 
elements and dummy balls are loaded in the core; a discharge tube, in turn, is located in the 
bottom of the core to unload fuel elements. Each fuel element is a sphere of 6 cm in diameter, 
with an inner layer of graphite of 0.5 cm in thickness. The inner part of the fuel element 
corresponds to an graphite matrix containing homogeneously dispersed TRISO (Tristructural  
Isotropic) particles [9]. Main design parameters of the HTR-10 are listed in Table 1. 
 
In this work is performed a thermo-hydraulic analysis of HTR-10 reactor core using CFD 
techniques and the realistic approach considering the graphite layer. In a previous work [10] , 
was considered the pebble homogeneous.  Temperature distributions for the fuel elements and 
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the coolant are obtained for one partial section of central column in the core. In section 2, are 
described the geometric model used, the mesh characteristics, the boundary conditions and 
the simulations performed. In section 3, are discussed the results of the simulations. Finally, 
conclusions and suggestions for future works are presented in section 4. 
 

 
 

Figure 1:  Primary system of HTR-10 reactor (source [6]). 
 

Table 1:  Main design parameters of the HTR-10 are listed (adapted from [6]) 
 

Parameter Valor

Reactor thermal power 10 MW

Primary coolant pressure 3.0 Mpa

Average helium temperature at reactor outlet 700 ºC

Average helium temperature at reactor inlet 250 ºC

Coolant mass flow rate at full power, 4.32 kg/s

Main steam pressure at steam generator outlet 4.0 Mpa

Main steam temperature at steam generator outlet 440 ºC

Feed water temperature of steam generator 104 ºC

Main steam flow rate 3.47 kg/s

Electricity power generated by steam turbine 3.0 MW
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2. MODEL DESCRIPTION 

2.1. Computational Domain 

 
In this work the computational domain is an FCC arrangement of fuel spheres, located at the 
central section of the reactor core, with a height of 108.6 cm, approximately the half of the 
total core height. The fuel element is treated as a sphere of 6 cm in diameter, with an inner 
coating layer of 0.5 cm coated graphite. Geometry proposed has 21 layers of pebbles, with 11 
full pebbles, 40 half pebbles and 44 quarter pebbles, with a total of 42 pebbles. In addition, a 
flow extension is added after the last layer of pebbles, to ensure that the developed flow 
conditions are fully reached. The computational domain is shown in Fig. 2. 
 

 
 

Figure 2:  Computational domain of central annular column located at the center of 
HTR-10 core. 
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2.2. Mesh Construction 

 
For a good description of heat transfer phenomenon structured grids more finer are applied at 
the interface between the coolant gas and the external graphite coating of fuel spheres (it 
were defined 10 layers). In the other regions of the domain, unstructured grids are used, with 
a higher level of refinement in the positions of greater proximity between the pebbles, as 
shown in Fig. 3. With a maximum element size of 0.0015, the mesh has 9035759 nodes and 
31829783 elements. 
 

 
 

Figure 3:  Mesh scheme used in simulation of FCC pebble structure. 
 

2.3. Boundary Conditions 

 
A symmetry boundary condition is applied on the four side surfaces of the domain. For 
definition of the mass flow rate in 0.01176 kg/s, was held a proportional calculation to the 
total coolant’s mass flow in the core. About the total flow rate, it was considered the value of 
3.77 kg/s, since, as noted by [9], only 87% of the rated coolant flow rate flows through the 
pebble bed zone for effectively cooling fuel elements in the core. The power distribution in 
the initial core of the reactor is also extracted from [9], together with the use of volume ratio 
between pebbles with and without graphite layer. Obviously, are considered only the values 
defined for the central axis of the core, where has the highest power. 
 
For the definition of the physical properties of materials (helium, fuel and graphite), are 
followed recommendations present on benchmark [9]. The helium heat capacity, CHelium, is 
5195 J/kg·K, and considering that P is the pressure and T is the temperature, the helium 
density (r helium), the viscosity (v helium) and the conductivity (l helium) are given by 
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Moreover, the density of the fuel, rfuel is 1720 kg/m3; considering now T as the fuel 
temperature (in °C), its heat capacity is calculated using a cubic approximation as 
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Finally, the conductivity of the fuel elements, l fuel, is given by 
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where T is the fuel temperature, and considered that T is lower than to 450 °C then its equal 
to 450 ºC; and DOSIS is irradiation dosage of fast neutrons, in this parameter the roof value 
is 2.5, that is, DOSIS > 2.5 are equaled to 2.5. 
 

2.4. Numerical Scheme 

 
The simulation of fluid turbulence in pebble bed is performed with the resolution of the 
equations of Reynolds-Averaged Navier–Stokes (RANS) and k-ε (k-Epsilon) model. This 
model uses the scalable wall-function approach to improve robustness and accuracy when the 
near-wall mesh is very fine [11]. In the advection term of the RANS simulation, the High 
Resolution scheme was used. For quantification of turbulence the First Order Upwind scheme 
was used. 
 
All simulations presented in this paper were performed with the software ANSYS CFX 14. 
The criteria of convergence for governing equations were configured in such a way that the 
RSM (Root Mean Square) value of the residues was inferior to 1e-4. 
 
 

3. RESULTS AND DISCUSSION 
 
The safety of high temperature pebble bed gas-cooled reactors is directly related to the 
integrity of the fuel elements [12, 13]. In the case of TRISO particles, used in the operation of 
the HTR-10 reactor, layers of silicon carbide (SiC) and pyrolytic carbon (PyC) surround the 
nuclear fuel acting as pressure vessels, as diffusion barriers against the release of fission 
products and as protectors against chemical attacks and corrosive gases. Failure mechanisms 
for TRISO particles include failure of pressure vessel, due to through-thickness cracks of SiC 
layer resulting from a tensile stress that exceeds the fracture strength of the material, 
shrinkage cracks within the inner layer of PyC (iPyC), debonding between layers, particle 
asphericity, kernel migration and SiC coating thinning [14]. Reactors that use TRISO 
particles are designed in such a way that the fuel temperature does not exceed 1873 °K. 
Between 1873 ºK and 2073 ºK, fission product release increases quickly; for temperatures 
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greater than 2273 ºK, thermal decomposition of SiC layer is the dominant failure   
mechanism [15]. 
 
In Fig. 4, the axial temperature contours are shown on the center plane of the core, including 
the pebbles and helium. The results indicate the core temperature increases along the axial 
direction, with the fuel reaching maximum temperatures of 1079 °K and the coolant 
presenting average temperature of 784 °K at the outlet of the core. Such temperatures are 
around 30 °K and 130 ºK respectively below of the results presented in benchmark [9], if 
considered the axial position of 108.6 cm. From that, it seem that more conclusive results 
must be obtained by simulating the full geometry of the core of the HTR-10 reactor. 
 

 
 

Figure 4:  Temperature distribution in the center plane of HTR-10 reactor core. 
 
Figure 5 shows the temperature distribution on the surface of the last pebble of the 
computational domain. A larger heat transfer is observed in the front of the pebble due the 
smaller temperature on the pebble surfaces at this location. In the rear of the pebble, the 
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opposite behavior: a lower heat transfer and higher temperature on the pebble surface. The 
difference of temperature between front and rear pebble locations is approximately 42 °K. 
 

 
 

Figure 5: Temperature distribution on the surface of the last pebble of the of the 
computational domain. 

 
 

4. CONCLUSIONS 
 
Based on simulation results of helium gas flowing along the annular column of the HTR-10 
reactor core, considering a partial section of central annular column, through a realistic CFD 
approach, we reached the following conclusions: 
 
 From the temperature profile of the HTR-10 reactor core obtained in its central section 

and considering half of its height, the fuel achieves maximum temperatures of 1079 °K, at 
levels much lower than the critical temperature for TRISO particles (1873 °K); 
 

 As temperature peaks obtained for the fuel and coolant are around 30 °K and 130 ºK 
respectively below of the results presented in the benchmark [9], it seem that more 
conclusive results must be obtained by simulating the full height of the HTR-10 reactor 
core. 

 
Besides of the full height simulation of the core of the HTR-10 reactor, other simulation 
conditions can be improved, for example, the use of BCC arrangements for structuring the 
geometry of the pebble bed, and accidents scenarios with loss of coolant. 
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