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Abstract —Absorber sphere pneumatic conveying system is the main part of 
absorber sphere shutdown system and closely related to granular flow. Granular 
flow characteristics, such as mass flow rate, angle of repose, contact forces, etc., are 
crucial important for the optimization of absorber sphere pneumatic conveying 
process. Mass flow rate of granular flow through the sphere discharge valve and the 
bend tube are significant for the time of ball dropping and the time of conveying 
back rate, respectively. Experiments and DEM simulations have been conducted to 
investigate the granular flow characteristics. Experimental results showed that the 
relation between average mass flow rate through the sphere discharge valve and the 
valve stroke was composed of three zones i.e. the idle stroke zone, linearly zone and 
orifice restriction zone. The Beverloo's law was suitable for the granular flow 
through the multi-orifice during the orifice restriction zone. The variation of average 
mass flow rate with the valve stroke could be described by modified Beverloo's law 
based on the valve stroke. DEM simulation results showed that the drained angle of 
repose remained 23° at different valve strokes. Mass flow rate during steady 
granular flow through the sphere discharge valve at different valve strokes kept 
stable. The variation of mass flow rate through a bend tube was different from that
through a circular orifice.

I. INTRODUCTION

High Temperature Gas-cooled Reactor (HTR or 
HTGR) is the Generation IV advanced nuclear 
reactor [1-2]. HTR has many advantages, e.g. the 
inherent safety, high efficiency, potential application 
for hydrogen production and attractive economics 
[3-5]. A demonstration reactor, named the 10 MW 
high-temperature gas-cooled test reactor (HTR-10), 
was developed by the “Institute of Nuclear and New 
Energy Technology” (INET) at Tsinghua University 
[6]. On the basis of technology and operation 
experience of HTR-10, the High-Temperature- 
Reactor Pebble-bed Module (HTR-PM) project was 
launched in 2001 [1]. HTR-PM was approved as one 
of the national special grand science-technology 
projects of China and is currently in construction in 
Shidaowan, Shandong Province [1].

Two independent systems were designed to 
control the neutron chain reaction and shut down the

reactor both in HTR-10 and HTR-PM, i.e. the 
control rod system and the absorber sphere shutdown 
system [1, 4]. The absorber sphere shutdown system, 
called small absorber ball system in HTR-10, was in 
principle derived from the HTR-Module design [7]. 
Pneumatic conveying was adopted in this shutdown 
system [7]. The function of the shutdown system was 
directly realized by the absorber sphere pneumatic 
conveying system which mainly consisted of drive 
mechanism, storage vessel, reflector boring, sphere 
feeder, riser, roots blower and other facilities. The 
circuit of this system and main equipment are shown 
in Fig. 1.

Absorber spheres, made of B4C in graphite, were 
designed to drop into the reflector boring by gravity 
when the sphere discharge valve was opened by 
drive mechanism to shut down the reactor. On the 
other hand, during the process of reactor startup, 
spheres in the reflector boring were vertically 
conveyed back to storage vessel through riser [1, 4,
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7]. The absorber sphere pneumatic conveying 
process was an intermittent circulation of absorber 
spheres between the reflector boring and the storage 
vessel in the reactor [8], as described above. The 
whole intermittent circulation consisted of four sub
processes, i.e. (a) spheres discharge from the storage 
vessel and the reflector boring, (b) entrainment of 
sphere in the feeder, (c) conveying of sphere in the 
transport pipe and (d) gas-solid separation and pile 
of spheres in the storage vessel [8],

- gas outlet

storage
vessel

hopper

riser

reflector
boring

gas inlet
(gas from roots blower) L bend tube

sphere feeder

Fig. 1 Schematic diagram of absorber sphere pneumatic 
conveying system

The two sub-processes of the intermittent 
circulation i.e. (a) and (b) described above were 
closely related to granular flow. Spheres piled 
statically in the storage vessel before the sphere 
discharge valve was opened. They flowed through 
the sphere discharge valve and the hopper at the 
bottom of storage vessel (Fig. 2) after the sphere 
discharge valve was opened, driven by gravity and 
contact forces. Spheres accumulated in the devices 
including sphere feeder, the tube between reflector 
boring and sphere feeder, and reflector boring. 
During the conveying back process, spheres were 
discharged from reflector boring and flowed into 
sphere feeder through the bend tube (Fig. 1), and 
piled up in storage vessel after gas-solid separation.

Granular flow characteristics, such as mass flow 
rate, angle of repose, stress distribution, porosity 
distribution, impact force between particle and wall, 
are significant for the optimization of absorber 
sphere pneumatic conveying process. Flow pattern 
and drained angle of repose [9] during the granular 
flow in storage vessel can be the design guides to 
indication of ball level [7]. Porosity distribution is 
useful for forecasting the ball level as well as the 
sphere quantity in devices. Mass flow rates through 
the sphere discharge valve and the hopper are of 
crucial importance for the time of ball dropping [7]. 
On the other hand, mass flow rates through the 
reflector boring and the bend tube are important to 
the time of ball conveying back [7]. Both the time of 
ball dropping and the time of ball conveying back 
were significant operation parameters of absorber 
sphere shutdown system. In addition, stress 
distribution and angle of repose, and impact force 
between sphere and wall are useful to the mechanical 
design of the sphere discharge valve and the 
absorber sphere manufacture, respectively.

Many studies have been carried out to investigate 
the granular flow characteristics both experimentally 
[10-21] and numerically [20-24]. Mass flow rate 
through an orifice significantly depended on particle 
density, orifice size, shape of orifice and particle size 
[12, 14]. Its dependence on different parameters was 
proposed by Beverloo et al. [12] with the widely 
accepted form as follows:

W = Cpby[gD0 -kdpJ52 (1)

Where W is the average mass flow rate through the 
circular orifice, C and k are empirical discharge 
coefficient probably depending on the friction 
coefficient and shape coefficient respectively [15], 
pb is the bulk density, D0 and d p are diameters of 
orifice and particle respectively, and g is the 
acceleration of gravity. Equation 1 was known as the 
Beverloo's law. Its validity has been tested for mono
sized granular samples. Its validity for granular flow 
through multi-orifice is unknown.

Angle of repose is the angle of the free surface of 
a heap of granular materials to the horizontal plane 
[17]. It could be defined by different methods [17-18, 
20, 23] and is one of the most important 
macroscopic parameters in characterizing the 
behavior of granular materials [23]. Studies have 
provided evidence that material properties such as 
sliding friction coefficient [10, 22-24], rolling 
friction coefficient [10, 22-24] and surface 
roughness [21] as well as particle characteristics 
such as particle size [10, 20, 23-25] and shape [10] 
strongly affected the angle of repose. However, angle 
of repose was not obviously sensitive to density of
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particle, Poisson's ratio, damping coefficient and 
Young's modulus [23-24].

Inter-particle forces in granular medium were 
different from forces in continuous medium that the 
former organized as force network which was 
heterogeneous with both weak and strong networks
[26]. Therefore, the stress distribution in granular 
medium was in contrast to what happened in liquid. 
According to Janssen's model, the pressure at the 
bottom of a silo increased with the height of granular 
medium, but saturated when there were enough 
particles [26]. Measurements of the pressure were 
well described by Janssen's model in spite of the 
assumptions [26]. As a result, Janssen's model can 
be used for engineering design.

It is difficult to measure the microscopic 
properties such as velocity, contact force and impact 
force by experiments. Numerical method of discrete 
element method (DEM) is a good choice [27]. 
Furthermore, on the basis of the DEM results, 
macroscopic properties such as stress distribution 
and porosity distribution can be obtained by using 
the averaging method [28].

Although a large number of studies on granular 
flow characteristics have been made, few of them 
focused on the granular flow in high-temperature 
gas-cooled reactor, through multi-orifice and bend 
tube. In addition, since the absorber sphere 
pneumatic conveying system was a unique system, 
the fundamental studies on granular flow reported in 
the literature perhaps couldn't be directly applied. 
Further work is still needed.

The focus of this article is on the experimental 
and numerical study of granular flow of absorber 
sphere pneumatic conveying process. Experiments of 
granular flow through the sphere discharge valve 
have been conducted to investigate the flow pattern 
and characteristic of mass flow rate. In addition, 
more detailed information such as contact forces, 
velocity and porosity as well as flow pattern and 
drained angle of repose in storage vessel were 
obtained by corresponding DEM simulations. DEM 
simulations were also carried out to study the 
granular flow through bend tube. However, more 
works need to be done on simulation post-process 
with the averaging method, optimizing simulation 
parameters and experimental validation of granular 
flow through bend tube.

II. EXPERIMENTAL WORK

Figure 2 is the schematic diagram of the 
experimental apparatus which was made of steel and 
fixed to iron lining. The sphere discharge valve was 
composed of the valve guide tray and the valve 
moving part, as shown in Fig. 2. The valve guide 
tray was connected with the protecting tube and kept 
stationary. The valve moving part was connected

with the drive rod and moved down or up together 
with the drive rod to open or close the sphere 
discharge valve. S in Fig. 2 represented the valve 
stroke i.e. the stroke of the sphere discharge valve. 
When the valve was closed, S equaled to zero. 
However, S was greater than zero when the valve 
was open.
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Fig. 2 Schematic diagram of the experimental apparatus

The sphere discharge valve was a new-type ball 
drop valve which was designed based the principle 
of angle of repose [29]. To investigate the 
characteristics of the valve and the granular flow 
characteristics, both critical valve stroke experiment 
and experiment of granular flow through the sphere 
discharge valve as well as the sampling experiments 
were carried out. The three kinds of experiments 
were conducted with the same experimental 
apparatus shown in Fig. 2, but without the hopper at 
the bottom to storage vessel. Glass sphere was used 
and the total mass was 50 kg for all experiments. The 
diameter and density were 6 mm and 2518 kg/m3 
respectively. Experiments were carried out in 
atmospheric environment.

II.A. Critical Valve Stroke Experiment

Spheres were in the equilibrium state of forces 
and static in storage vessel before the valve opened. 
It has been found that the spheres were also in 
equilibrium state of forces when the valve stroke, S 
was within a range, which indicated that there was a 
critical valve stroke after which sphere began to flow. 
Therefore, experiments were carried out to measure 
the critical valve stroke. During the experiments, the 
valve was opened slowly. S was measured when 
spheres started to fall down continuously. Then move 
up control rod slowly and measure S when the 
continuous falling stopped. Repeat the processes for 
extra five times and average S to get the critical 
valve stroke, Scr.

II.B. Experiment of Granular Flow through the 
Sphere Discharge Valve

The bottom of storage vessel was a multi-orifice 
structure, with eight circular orifices distributed in 
circular. Diameter of the circular orifices were 40 
mm. Research on mass flow rate through multi
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orifice was not reported. Experiments of granular 
flow through the sphere discharge valve were 
conducted to investigate the characteristic of mass 
flow rate through the multi-orifice during the entire 
flow. Measuring apparatuses included stopwatch, 
vernier caliper and electronic balance with precision 
of 0.5 g and measuring range of 5 kg.

Experimental process was as follows: (1) Move 
the control rod down manually for a certain distance. 
Start stopwatch when the spheres began to fall down 
and stop stopwatch when the falling ended. Record 
the entire falling time, t. (2) Weigh the spheres on the
valve guide tray by electronic balance. Record the 
mass and get the falling spheres mass, M. M/t was
the average mass flow rate, Wav. (3) Measure S by 
vernier caliper. (4) Repeat steps (1) ~ (3) for another 
S to obtain the relation between Wav and S.

II.C. Sampling Experiment

Sampling experiments were conducted to 
investigate the characteristic of mass flow rate 
during the steady granular flow through the sphere 
discharge valve. Samples were done during steady 
granular flow by using plastic basins. Sampling times 
were measured by stopwatch. Four samples were 
done for each experiment, each sampling time was 
5~8 s. Experiments were carried out at valve strokes 
of 32.42 mm and 34.72 mm respectively.

III. NUMERICAL DESCRIPTION

III.A. Discrete Element Method

Discrete element method (DEM) was originally 
proposed by Cundall and Strack [30] and is widely 
used in the simulation of granular flow [20-23, 27, 
31-37]. Particle motions were described by Newton 
second law. The translational and rotational motions 
of particle i were respectively expressed by 
translational equation (Eq. 2) and rotational equation 
(Eq. 3) as follows [38]:

m dv
- -ZFc +ZF + Ff -F

dt j

dra,

(2)

(3)

k

I

Where mi , v i , Ii and rai are mass, translational 
velocity, moment of inertia and angular velocity of 
particle i, respectively, Ficj is the contact force acting

on particle i by particle j or wall, Finkc is the 
noncontact force acting on particle i by particle k or 
other sources, Fi f is the particle-fluid interaction

force on particle i, Fig is the gravitational force and 
M ij is the torque that acts on particle i by particle j 
or wall. Since the fluid effect on granular flow was
negligible in the experiments, Fi f in Eq. 2 was set to 
zero in DEM simulations.

Forces and torques caused by interactions with 
neighboring particles and walls were expressed by 
the contact model. The Hertz-Mindlin (no slip) 
contact model was adopted in the simulations.

III.B. Simulation of Granular Flow through the 
Sphere Discharge Valve

Experiments of granular flow through the sphere 
discharge valve were simulated by DEM. The 
geometrical structure and size were same with the 
experimental apparatus. The opening processes of 
the valve were simulated by initialing downward 
uniform translational motions. Downward distances 
were corresponding same to valve strokes and the 
motion times were set to 0.5 s according to 
experimental videos. Density, Poisson's ratio, and 
Young's modulus were set to 7850 kg/m3, 0.31 and 
1*108 Pa for steel, and 2518 kg/m3, 0.25 and 
9.2* 107 Pa for glass sphere, respectively. Total mass 
of glass spheres was 50 kg, i.e. 175329 particles. 
Time step was set to 1x10-5 s. Contact parameters for 
DEM simulations, obtained both according to the 
reported literature [39] and comparisons between 
experiments and simulations, are shown as Table 1. 
The subscript pp and pw represent the inter-particle 
contacts and particle-wall contacts respectively.

Table. 1 Contact parameters for DEM simulations of
granular flow through the sphere discharge valve

Variable name Variable symbol Variable value

Sliding friction M’s, pp 0.25
coefficient Ms, pw 0.25

Rolling friction , pp 0.02 mm
coefficient Mr, pw 0.02 mm

Coefficient of
eepp 0.83

restitution e pw 0.83

III.C. Simulation of Granular Flow through Bend 
Tube

Mass flow rate through the bend tube was crucial 
importance for the conveying rate. However, 
principle of granular flow through bend tube is not 
reported. DEM simulations of granular flow through 
bend tube have been done. The geometric model of 
bend tube used in simulations is shown as Fig. 3. The 
height of vertical tube was 1900 mm. H, defined as
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the height of accumulated spheres in vertical tube, 
was 500 ~ 1900 mm. The centerline radius, R, was
120 mm and degree of bend, a , was 45°.

Fig. 3 Geometric model of bend tube used in DEM 
simulations

The materials of geometric model and sphere 
were same with those in the simulation of granular 
flow through the sphere discharge valve. Contact 
parameters for DEM simulations are shown in Table 
2.

Table. 2 Contact parameters for DEM simulations of 
granular flow through bend tube

Variable name Variable symbol Variable value

Sliding friction P's, pp 0.25
coefficient fts, pw 0.25

Rolling friction ftr, pp 0.02 mm
coefficient ftr, pw 0.02 mm

Coefficient of
eepp 0.9

restitution e pw 0.9

IV. RESULTS AND DISCUSSION

IV.A. Critical Stroke of the Sphere Discharge Valve

The critical valve stroke was obtained by critical 
experiment, i.e. Scr = 29.74 mm. Glass spheres would 
not flow, since forces acting on spheres were in 
equilibrium when S was smaller than Scr.

IV.B. Granular Flow through the Sphere Discharge 
Valve

Experimental results showed that the relation 
between the average mass flow rate, Wav and the 
valve stroke, S, were composed of three zones i.e. 
the idle stroke zone, linearly zone and orifice 
restriction zone. S were during 0 ~ 29.74 mm, 29.74

~ 51.55 mm and 51.55 ~ 60 mm, respectively for the 
idle stroke zone, the linearly zone and the orifice 
restriction zone. The Beverloo's law was suitable for 
the granular flow through multi-orifice during the 
orifice restriction zone. The variation of Wav with S 
could be described by modified Beverloo's law 
based on the valve stroke. DEM simulation results 
were in good agreement with the experimental 
results for Wav, defining that the entire falling in 
simulation began when the valve was opened and 
ended when there was little sphere falling. Most 
absolute values of relative error were smaller than 
10%, the maximum was 16%.

DEM simulation results showed that the flow 
pattern of granular flow in storage vessel belonged to 
core flow and the drained angle of repose remained 
23° with different valve strokes, which was useful 
for the design of the indication of ball level.

IV.C. Sampled Mass Flow Rate

The results of sampling experiments showed that 
sampled mass flow rates during steady granular flow 
were constant for the two valve strokes, i.e. 32.42 
mm and 34.72 mm. Same results were obtained by 
DEM simulations with other valve strokes. As a 
result, it could be inferred that mass flow rate 
through the sphere discharge valve during steady 
granular flow kept stable for different valve strokes.

IV.D. Granular Flow through Bend Tube

Figure 4 shows the typical simulation result of 
mass flow rate of granular flow through bend tube. 
The variation of mass flow rate of granular flow 
through bend tube was different from that through a 
circular orifice. Variation of mass flow rate through 
bend tube was divided into three stages, i.e. initial 
variation, steady state and linear decrease. It was 
worth to be concerned that the initial variation and 
linear decrease for different H during 500 ~ 1900 
mm were same. Initial variation was composed of 
two increase stages with different slopes. The values 
during steady state were also same.

Fig. 4 Typical simulation result of mass flow rate of 
granular flow through bend tube
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It was inferred that the flow mechanism for 
granular flow through bend tube was different from 
that through a circular orifice. Further DEM 
simulations of granular flow through bend tube with
different degrees of bend, a , were done. According 
to the analyses, it could be inferred that mass flow 
rate through bend tube was mainly determined by 
centerline radius, R and a. However, further study 
needs to be done to deeply analyze the flow 
mechanism from aspects of stress distribution and 
mass conservation.

V. CONCLUSIONS

Experiments and DEM simulations have been 
conducted to investigate the granular flow 
characteristics of absorber sphere pneumatic 
conveying process. Experimental results showed that 
the critical valve stroke, Scr, for granular flow 
through the sphere discharge valve was 29.74 mm. 
Relationship between average mass flow rate, Wav, 
and valve stroke, S, were composed of three zones, 
i.e. the idle stroke zone, linearly zone and orifice
restriction zone. The Beverloo's law was suitable for
the granular flow through multi-orifice in the orifice 
restriction zone. Variation of average mass flow rate 
with the valve stroke could be described by modified 
Beverloo's law based on the valve stroke. On the 
other hand, DEM simulation results showed that the 
drained angle of repose remained 23°with different 
valve strokes. Mass flow rate during steady granular 
flow through the sphere discharge valve for different 
valve strokes kept stable. For the granular flow 
through bend tube, variation of mass flow rate was 
different from that through a circular orifice. Flow 
mechanism for granular flow through bend tube 
perhaps was mainly determined by R and a.

Studies for granular flow characteristics of 
absorber sphere pneumatic conveying were still not 
sufficient. In the following work, granular flow 
through the sphere discharge valve with the hopper, 
as well as balls blocked characteristics of the valve 
will be studied by DEM simulation. Furthermore, 
studies on other macroscopic and microscopic 
characteristics such as velocity distribution, stress 
distribution, porosity distribution and contact forces 
are also needed to be investigated.

ACKNOWLEDGEMENTS
This work is supported by the National S&T

Major Project (Grant No. ZX06901).

REFERENCES

[1] Zhang Z Y, Wu Z X, Wang D Z, et al. Current
status and technical description of Chinese 
2^250 MWth HTR-PM demonstration plant [J].

Nuclear Engineering and Design, 2009, 239(7): 
1212-1219.

[2] Locatelli G, Mancini M, Todeschini N.
Generation IV nuclear reactors: Current status 
and future prospects [J]. Energy Policy, 2013, 
61: 1503-1520.

[3] Wu Z X, Zhang Z Y. The advanced nuclar
energy system and high temperature gas-cooled 
reactor [M]. Beijing: Tsinghua University 
Press, 2004 (in Chinese).

[4] Zhang Z Y, Wu Z X, Sun Y L, et al. Design
aspects of the Chinese modular high- 
temperature gas-cooled reactor HTR-PM [J]. 
Nuclear Engineering and Design, 2006, 236(5-
6): 485-490.

[5] Zhang Z Y, Sun Y H. Economic potential of
modular reactor nuclear power plants based on 
the Chinese HTR-PM project [J]. Nuclear 
Engineering and Design, 2007, 237(23): 2265
2274.

[6] Wu Z X, Lin D C, Zhong D X. The design
features of the HTR-10 [J]. Nuclear 
Engineering and Design, 2002, 218(1-3): 25-32.

[7] Zhou H Z, Huang Z Y, Diao X Z. Design and
verification test of the small absorber ball 
system of the HTR-10 [J]. Nuclear Engineering 
and Design, 2002, 218(1-3): 155-162.

[8] Li T J, Zhang H, Huang Z Y, et al. Research
status on hydrodynamics and particle motion 
behavior of absorber sphere pneumatic 
conveying system in HTR-PM [C]. 7th 
International Topical Meeting on High 
Temperature Reactor Technology (HTR2014), 
Weihai, China, 2014.

[9] Gidaspow D. Multiphase flow and fluidization :
continuum and kinetic theory descriptions [M]. 
Academic Press, 1994: 76.

[10] Van Burkalow A. Angle of Repose and Angle of
Sliding Friction: an Experimental Study [J]. 
Geological Society of America Bulletin, 1945, 
56(6): 669-707.

[11] Kuo T M, Soon Y. The Fundamental Properties
of the Flow of Granular Materials through 
Apertures [J]. Journal of Chemical Industry and 
Engineering(China), 1960(02): 97-113 (in 
Chinese).

[12] Beverloo W A, Leniger H A, van de Velde J. The
flow of granular solids through orifices [J]. 
Chemical Engineering Science, 1961, 15(3-4): 
260-269.

[13] Ching C K, Cheng H S, Tu T L, et al. The Flow
of Solid Particles through an Orifice [J]. 
Journal of Chemical Industry and 
Engineering(China), 1966(02): 115-123 (in 
Chinese).

[14] Nedderman R M, Tuzun U, Savage S B, et al.
The Flow of Granular-Materials .1. Discharge

Proceedings of the HTR 2014
Weihai, China, October 27-31, 2014

Paper HTR2014-71435

6



Rates from Hoppers [J]. Chemical Engineering 
Science, 1982, 37(11): 1597-1609.

[15] Mankoc C, Janda A, Arevalo R, et al. The flow
rate of granular materials through an orifice [J]. 
Granular Matter, 2007, 9(6): 407-414.

[16] Ahn H J, Basaranoglu Z, Yilmaz M, et al.
Experimental investigation of granular flow 
through an orifice [J]. Powder Technology, 
2008, 186(1): 65-71.

[17] Carr R L. Evaluating flow properties of solids
[J]. Chem. Eng., 1965, 72: 163-168.

[18] Wang W, Zhang J S, Yang S, et al. Experimental
study on the angle of repose of pulverized coal 
[J]. Particuology, 2010, 8(5): 482-485.

[19] Hill K M, Kakalios J. Reversible axial
segregation of rotating granular media [J]. 
Physical Review E, 1995, 52(4): 4393-4400.

[20] Dury C M, Ristow G H, Moss J L, et al.
Boundary effects on the angle of repose in 
rotating cylinders [J]. Physical Review E, 1998, 
57(4): 4491-4497.

[21] Pohlman N A, Severson B L, Ottino J M, et al.
Surface roughness effects in granular matter: 
Influence on angle of repose and the absence of 
segregation [J]. Physical Review E, 2006, 73(3): 
031304-1-9.

[22] Frankowski P, Morgeneyer M. Calibration and
Validation of DEM Rolling and Sliding Friction 
Coefficients in Angle of Repose and Shear 
Measurements [J]. Powders and Grains 2013, 
2013, 1542: 851-854.

[23] Zhou Y C, Xu B H, Yu A B, et al. Numerical
investigation of the angle of repose of 
monosized spheres [J]. Physical Review E, 
2001, 64(2): 021301-1-8.

[24] Zhou Y C, Xu B H, Yu A B, et al. An
experimental and numerical study of the angle 
of repose of coarse spheres [J]. Powder 
Technology, 2002, 125(1): 45-54.

[25] Zhou Y, Zhang G Q. Effect of granular size on
the angle of repose in the chute [J]. Science in 
China Series G-Physics Mechanics & 
Astronomy, 2009, 52(4): 563-565.

[26] Andreotti B, Forterre Y, Pouliquen O. Granular
Media: Between Fluid and Solid [M]. 
Cambridge University Press, 2013: 73-89.

[27] Zhu H P, Yu A B. Steady-state granular flow in a
three-dimensional cylindrical hopper with flat 
bottom: microscopic analysis [J]. Journal of 
Physics D-Applied Physics, 2004, 37(10): 
1497-1508.

[28] Zhu H P, Yu A B. Steady-state granular flow in a
3D cylindrical hopper with flat bottom: 
macroscopic analysis [J]. Granular Matter,
2005, 7(2-3): 97-107.

[29] Li T J, Zhang Z Y, Chen F, et al. A control
device for sphere discharging [P]. China, patent 
invention CN201310141915.X, 2013.8.

[30] Cundall P A, Strack O D L. Discrete Numerical-
Model for Granular Assemblies [J]. 
Geotechnique, 1979, 29(1): 47-65.

[31] Li S Q, Marshall J S, Liu G Q, et al. Adhesive
particulate flow: The discrete-element method 
and its application in energy and environmental 
engineering [J]. Progress in Energy and 
Combustion Science, 2011, 37(6): 633-668.

[32] Su J W, Gu Z L, Xu X Y. Discrete element
simulation of particle flow in arbitrarily 
complex geometries [J]. Chemical Engineering 
Science, 2011, 66(23): 6069-6088.

[33] Rycroft C H, Grest G S, Landry J W, et al.
Analysis of granular flow in a pebble-bed 
nuclear reactor [J]. Physical Review E, 2006, 
74(2): 021306-1-6.

[34] Ren B, Zhong W Q, Jin B S, et al. Numerical
simulation on the mixing behavior of corn
shaped particles in a spouted bed [J]. Powder 
Technology, 2013, 234: 58-66.

[35] O'Sullivan C. Particulate Discrete Element
Modelling: A Geomechanics Perspective [M]. 
Taylor & Francis, 2011.

[36] Gui N, Yang X T, Tu J Y, et al. Effect of bed
configuration on pebble flow uniformity and 
stagnation in the pebble bed reactor [J]. 
Nuclear Engineering and Design, 2014, 270: 
295-301.

[37] Yang X T, Gui N, Tu J Y, et al. 3D DEM
simulation and analysis of void fraction 
distribution in a pebble bed high temperature 
reactor [J]. Nuclear Engineering and Design, 
2014, 270: 404-411.

[38] Zhu H P, Zhou Z Y, Yang R Y, et al. Discrete
particle simulation of particulate systems: 
Theoretical developments [J]. Chemical 
Engineering Science, 2007, 62(13): 3378-3396.

[39] Neuwirth J, Antonyuk S, Heinrich S, et al. CFD-
DEM study and direct measurement of the 
granular flow in a rotor granulator [J]. 
Chemical Engineering Science, 2013, 86: 151
163.

Proceedings of the HTR 2014
Weihai, China, October 27-31, 2014

Paper HTR2014-71435

7


