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Abstract: The behavior of the packing and flow of the full scale HTR‐PM pebble bed is modeled. 

The discrete element method  (DEM)  is  carried out  to  investigate  the  flow patterns of 420,000 

pebbles. The packing density distribution and wall pressure distribution of pebble bed are analyzed. 

The streamlines of pebble flow are compared with the flow model of HTR‐MODUL in Germany. 
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1. Introduction 

The behavior of pebble bed of HTR-PM[1] is an important issue since it affects the 

neutronic behavior in the core as well as the safety analysis. Numerical simulation is an 

effective approach to understanding pebble flow, especially for the full scale reactor. There 

are some experiments and simulations of small-scale pebble flow[2,3], but the investigation 

of full scale one is rare. The main objectives of this paper are: 

1) To set-up a full scale discrete element model of the HTR-PM pebble bed reactor in 

order to establish 3D pebble flow patterns; and 

2) To use DEM[4-6] to numerically investigate pebble flows, and validated against 

existing results, to gain some understanding of flow patterns and further to assist 

the optimization of the design and operation of the pebble bed reactor. 
 

 

Figure 1 Schematic diagram of a pebble bed reactor 

 



The schematic diagram of a typical pebble reactor is shown in Figure 1. The 

following are required to be modeled and investigated: 

1) Static packing behavior - modelling the static behavior of the pebble bed with 

420,000 fuel pebble spheres after the initial filling, including 

a. Packing density distribution in the bed; and 

b. Pressure distribution on the core wall. 

2) Simulations of pebble flow patterns with periodic pebble removal/recycling, 

including 

a. Mixture and diffusion of fuel particles; 

b. Trajectories of fuel particles; 

 

2. Static Packing 

 

In the first stage, around 360,000 equal-sized spherical particles with diameter 6cm 

are randomly generated in the pebble bed zone using the progressive packing 

algorithm [7] which results in a packing density of around 50%. Then the compaction 

under gravity is simulated in the 2nd stage using DEM until a steady-state (quasi-)static 

equilibrium is reached. The convergence criterion is set such that the total reaction 

force acting on both the wall and the bottom surface should be the same as the total 

weight of the fuel particles within a relative error of 10-5. When the convergence 

criterion is satisfied, a global static equilibrium is achieved. During the progress, 60,000 

Figure 2 Two-stage modelling procedure for static packing bed 

(a) (b) (c) 



pebbles are added into the bed, and finally the compact packing of 420,000 pebbles is 

achieved. 

  

Both the fuel particles and the wall are assumed to be graphite with its relevant 

material properties listed in Table 1, and the same coefficient of restitution of e=0.6 is 

assumed for both particle-particle and particle-wall impact.  The coefficients of friction 

between the fuel particles and between the particles and the wall are assumed the 

same, but the coefficient is normally not a constant and varies with the temperature. A 

typical value of =0.25 is chosen, however, if not stated otherwise.   
Table 1: the main material properties of graphite used in the simulation 

Young’s Modulus 

E (GPa) 

Poisson ratio 

 

Density  

 (kg/m3) 

Coefficient of 

Restitution e 
Cofficient of 

Fricition  

9.8 0.14 2200 0.6 ~0.25 
 

As shown in Figure 3, clearly, the density distribution is not uniform and it is 

particularly obvious that the density distribution close to the wall follows a regular 

variation pattern. This reveals that a regular packing structure is formed in the vicinity 

of the wall. Further discussions about packing features will be presented later. Also, a 

closer investigation shows that the packing density reduces slightly with the height 

which is expected. It is agreed with the results of Auwerda’s paper[8]. 

 
Figure 3 Density distribution over the whole domain 

 

The wall pressure distribution acting along the wall from the fuel spheres can also 

be used to validate the simulated results indirectly. Although there is no analytical 

solution available to conduct a direct comparison, the numerical results may be 

compared with the famous Janssen formula developed for the wall pressure 



distribution in silos, over 100 years ago. The Janssen formula states that the wall 

pressure exerted by a bulk of solid material in a silo can be calculated by  
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where   is the specific weight of the bulk material,  is the wall friction coefficient, H 
is the total height, z is the height, and k is the so called the lateral pressure ratio, or 

the ratio of the normal wall pressure to the mean vertical stress in the silo. It is widely 

accepted that the Janssen formula provides a good first-order approximate to real wall 

pressure distributions in silos.   

 

DEM produces point or discrete contact forces from the fuel pebbles to the wall internal 

surfaces. A continuous wall pressure distribution can be obtained by a moving 

averaging of the forces. First, all the normal components of the forces on the wall are 

mapped to the height. Then a moving window of various sizes can be used to obtain 

an averaged wall pressure distribution. The shape of the pressure distribution depends 

on the window size used:  a larger window size gives a smoother distribution, and vice 

versa. Also, the coefficient of friction between the particles themselves, and between 

the particles and the wall plays the most important role in transferring the interaction 

forces in the particle bulk to the wall. Particularly, when the wall friction coefficient is 

zero, the wall pressure distribution should be close to a straight line, as predicted by 

the Janssen formula, while a (near) hydrostatic pressure should be obtained when the 

interior coefficient of friction is also equal to zero.  

 

(a)                                 (b) 

Figure 4 Wall pressure distributions with different wall  

and interior friction coefficients 

 

Figure 4(a) presents two wall pressure curves corresponding to the cases that the wall 

friction is zero but the interior frictions are different – the blue curve has a lower interior 

friction than the black one. As predicted by the Janssen formula, both curves are close 

to a straight line when sufficiently smoothed. Figure 4(b) presents wall pressure curves 



corresponding to the cases that the wall friction is not zero. It is evident that both wall 

and interior frictions significantly reduce the wall pressure. 

3. Pebble Flow 

As illustrated in Figure 5, pebble flow is simulated with periodically removing and 

recycling spheres.  

 

 

 

  

Figure 6 Streamlines at some instant   Figure 7 Streamlines at several instants 

Figure 5 Progressive Quasi-static modelling flow pattern by periodical 

sphere removal/recycle
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The streamlines are obtained in Figure 6 and Figure 7. Both figures reveal that  

1) No significant differences between the streamlines at different time instances 

across the whole domain except at the mixing zone where the displacement or 

velocity fields are ill-defined. This implies that the particle trajectories will be very 

similar to the streamlines and therefore they are no needs to be drawn.  

2) Since the streamlines are almost vertical for most of the height, it means that no 

lateral motion can be observed until at the height around 2m. Then significant 

lateral motion starts and particle mixture and diffusion appear to occur at heights 

between 0 to 2m.   

 

As the flow pattern plays such an important role in determining the overall efficiency of 

the pebble bed reactor, some experimental results regarding the particle flow pattern 

are available[9-11]. Figure 8 displays the flow model in ZIRKUS code of HTR-MODUL 

in Germany where the lines along the vertical direction are the streamlines[12]. The 

number of pebbles in HTR-MODUL is 360,000, and the average core height of HTR-

MODUL is 9.4m, comparable with HTR-PM’s 420,000 pebbles and 11m core height. 

These curves can be used as the benchmark to assess our numerical results.  

 

Figure 8 Flow model of  

HTR-MODUL in Germany 

Figure 9 Direct comparison between the 

benchmark and the DEM results 

 

 

A direct comparison is made in Figure 9 by overlaying the numerical result shown in 

Figure 8. It is evident that the numerical result matches the flow model of HTR-MODUL 

  



very well in the most part of the domain. Some discrepancies however start to appear 

at the height around 2m, corresponding to the onset of lateral motion. It seems that the 

numerical model predicts a slightly late onset of the lateral motion but a strong one 

later. At the moment, no sound reasons are offered to explain the differences and 

possible causes, until further investigations are undertaken. 

In this paper, invariant pebble friction coefficients is assumed, and it is a simplified 

model. Beyond the intrinsic factors of graphite, the friction coefficients of graphite are 

also influenced by using conditions[13,14], such as the surrounding gas environment 

and the temperature. The coupled multi-physics models[15] or additional experimental 

data are needed to address how the inverse temperature dependence of pebble-to-

pebble friction in helium affects pebble flow rate profiles in the core. 

4. Conclusion 

In this paper, a two-stage modelling strategy is adopted to effectively model the static 

packing of the pebble bed. The numerical results obtained for the static case are 

validated against the known overall packing density, and partially validated against the 

Janssen formula. Then a progressive quasi-static modelling procedure is employed to 

simulate the flow pattern of the fuel particles under a periodic removal and recycling of 

particles. The streamlines provide some essential information about the pebble flow 

pattern, such as mixture and lateral motion of fuel particles. More importantly, the 

numerical results are compared favorably with the flow model of HTR-MODUL. 
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