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ARTICLE INFO ABSTRACT

In solid tritium breeder blanket, the tritium breeder and neutron multiplier are used in formed of pebbles. To
reveal the inner packing structures of the pebble bed, in this paper, the discrete element method (DEM) was
applied to simulate the pebble bed packing structures by pouring pebbles from the top of container. The current
numerical results obviously show that with the increase of aspect ratios the packing factor can be significantly
increased in both cylinder pebble bed and cubic pebble bed. Namely, the larger aspect ratios in cylinder and
cubic pebble bed, the smaller the proportion of the wall affected region, the greater the average packing factor of
the cylinder and cubic pebble bed. Furthermore, the pebble packing structures in a U-shaped container were also
simulated and analyzed. In the bend pebble bed, the average packing factor of 0.6278 was obtained. Close to the
convex and concave container wall, the wall effects of pebble distribution and packing factor were observed.
With the increase of the distance to the container wall, the layered arrangements disappear gradually and the
oscillating characteristics of local packing factor are also damped little by little. The oscillations of local packing
factors are limited in about 5 diameters. A transition region is formed between the layered packing in the near
wall region and the uniformly random packing in the inner bulk region. In addition, the contact force dis-
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tribution and coordination number distribution were also detailed analyzed.

1. Introduction

In future fusion reactor, the tritium breeder blankets play a crucial
role on the function of tritium self-sufficiency. ITER, as an international
joint development program, will be used to demonstrate the scientific
and engineering techniques of tritium breeding and tritium self-suffi-
ciency. At present, several TBMs (Test Blanket Modules) for tritium
producing, designed by each participant, will be tested on ITER. In
China, CN HCCB TBM (Chinese Helium Cooled Ceramic Breeder Test
Blanket Module) will be tested on ITER during different operation
phases [1,2]. The packing factor vy, one of the key parameters for de-
scribing packing structure of pebble bed, affects the design of tritium
breeder blanket. It also influences the effective thermal conductivity of
pebble bed [3-7], the heat transfer coefficient of pebble-wall interface
[7,8], the heat transfer throughout packed pebble bed [9,10], the
thermal mechanical response [11-15], the flow characteristics of purge
gas [16-22] and the tritium breeding ratio. So the packing factor is an
important design parameter that must be known.

Many researchers have paid attention on the packing factor of
pebble bed, which depends on lots of factors, such as the friction
coefficient between pebbles and between wall and pebble [23], the
pebble size and size distribution [24], the shape of container [25], the
high of pebble bed and filling process [26-28]. In both square cavities
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and cylindrical containers, the pebble packing of glasses, beryllium,
steel and lithium orthosilicate pebbles with different pebble size were
investigated in [26,27]. The possible technologies of pebble packing
process were explored under the TBM-relevant conditions of the EU
HCPB TBM [28]. These experiment results show that vibrating pebble
bed and tilting mock-up are effective approaches to obtain the dense
packing, and the filling hole should be located at the highest position.
Moreover, the x-ray 3D computer aided micro-tomography (CMT) al-
lowing the reconstruction of 3D images within a pebble bed, and the
Optical microscopy (OM) were applied to the investigations of inner
structures and topological analysis of pebbles and pebble beds [29-35].

With the development of computer and numerical technologies, the
numerical simulation is applied to investigate the behaviors of granular
materials, progressively. The discrete element method (DEM) is a well
numerical tool for modeling the realistic packing processes and the flow
characteristics of granular materials [36]. The researchers have ac-
quired lots of achievements by modeling pebble packing. The packing
structures of random close packing in cylindrical container with mono-
sized pebbles and in cubic region with binary-sized mixture pebbles
were simulated respectively in [37]. And the packing in cylindrical
cavities was compared with the experimental results by using x-ray
tomography. Furthermore, the packing factor distribution in pebble bed
reactors [23,38] and the packing structure of pebble bed for CFETR
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WCCB [39] was simulated by using DEM. However, the mostly simu-
lations concentrate on the pebble packing in cubic, cylindrical and
annular cavities. Thus the pebble packing in the U-shaped cavity of CN
HCCB TBM still needs to be exploited.

In this study, the pebble packing structures in cylinder cavity and
cubic container with different aspect ratios were simulated and ana-
lyzed for comparison with experimental results. In addition, the bend
pebble bed in U-shaped container was focused by DEM. The packing
structure, the packing factor distribution, contact force distribution and
coordination number distribution of the bend pebble bed were detailed
analyzed and compared with some experiment results.

2. Numerical modeling method and procedure
2.1. Discrete element method

Discrete element method is an effective numerical computation tool
for investigating the micro-mechanisms of the granular systems, such as
the lithium ceramic pebble bed and beryllium pebble bed of TBM. By
DEM simulation lots of useful information can be easily obtained, some
of which are difficult to measure from experiment. DEM is based on the
Newton's Second Law of Motion, by which the movements and dis-
placements of each particle are circularly calculated, and the physical
contact theory of spherical particles, by which the contact forces with
its neighbor particles are computed during the simulation. The contact
force between two particles with very small overlap and the relation
between force and deformation are determined according to Hertz-
Mindlin contact theory [40,41]. During the DEM simulation process,
each particle is treated as independent element. The movement of
particle i is driven by the force balance showed in Eq. (1).

n
E=mig+Z(Elij+Eij)=mig
J

+ D [(KaBg — 0pvag) + (keSay — 1,90
] M

Where m is mass, g is gravity, n is neighbor number of particle i. F,,;; and
F,; are the normal contact force and the tangential contact force be-
tween particle i and particle j. &,; is the overlap distance of particle i
and j. 8, is tangential displacement vector between two particles. vp;
and v,; are normal and tangential components of relative velocity be-
tween particle i and j. The elastic constant of normal and tangential
contact are defined as follows

kn = $E* [R%S,,

The viscoelastic damping constant for normal and tangential contact
are denoted respectively as

N, = \/ga@E* R*8n;, m*)l/z’n[ — \/goc(SG* R*3n;, m)2,

kt &5 SG* R*?Sm-j. (2)

3
Thus the relation of k,, k. and 7, 5, are separately as follows
n, = ayk, m*,  n, = J2/3%a* kS m*. @

where E*, G', R"'and m” are, respectively, the effective Young’s modulus,
effective shear modulus, the equivalent radius and effective mass. The a

is relevant to the restitution coefficient e via o = —-21¢_ [23]. The

VinZe + 72
calculation of these effective properties can refer [42].
After calculating the force, the movement of particle i is calculated
according to the Newton's Second Law of Motion. When the relation of
the normal and tangential contact force satisfy the Coulomb Friction
Law, the sliding motions will occur. At this time, F, > llanl'%, where
the  is the rolling friction coefficient. The simulations in this work have
been implemented in the open source DEM code LIGGGHTS [40,41].

257

Fusion Engineering and Design 121 (2017) 256-264

Table 1
Mechanical physical properties of Li4SiO4 materials

Property Symbol Value(Li4SiO4)
Density (g/cm®) o 2.323

Young’s modulus (GPa) E 90

Poisson ratio [ 0.24

Friction coefficient for pebble-pebble u 0.1

Friction coefficient for pebble-wall u 0.1

2.2. Pebble bed properties

In HCCB TBM, the tritium breeding region is filed with Li,SiO4
pebbles with 1 mm diameter. So in the view of Li,SiO, pebble beds
application in fusion blanket, the mechanical physical properties of
Li4SiO4 materials were selected and used in this work (see Table 1). The
Young’s modulus of bulk Li4SiO, materials has been measured in Refs.
[43,44], and it depends on both temperature and porosity of materials.
The relation is indicated as
E =110(1 — p)* X [1 — 2.5 X 107%(T — 293)] (GPa) (5)
Where T is temperature in Kelvin and p is porosity of bulk material. For
Li4SiO,4 ceramic pebbles the porosity is about 5-6%. When temperature
is about 20 °C, the Young’s modulus is set as 90 GPa and the Poisson
ratio is set as 0.24 [15,47]. Each pebble is assumed to spherical particle
and the properties of pebbles are uniform. The fraction coefficient and
the restitution coefficient for pebble-wall and for inter-pebbles are set
as 0.1 and 0.5 due to the lack of experimental data and reference to
literatures [15,47]. These Mechanical physical properties are compre-
hensively referenced from the Refs. [15,43-47].

2.3. Pebble packing procedure

In this study, Firstly, the effects of the aspect ratios, a, on the
average packing factor is investigated. And to test and verify the va-
lidity of the method, the simulation results are compared with some
experimental results coming from Refs. [9,21,48,49]. The aspect ratio
of a cylindrical packed bed, a yjinqer, is the ratio of cylinder diameter D
to pebbles diameter d. For cubic packed bed, the aspect ratio, Qi is
defined as the ratio of the length of bottom side of cubic container a to
pebbles diameter d. Then we apply the DEM to simulate the pebble bed
packing structures for HCCB TBM. In the solid tritium breeding blanket
of HCCB TBM, The Li,SiO4 pebbles will be packed in the U-shaped
container as shown in Fig. 1a [1,2]. Because of the high axial symmetry,
the U-shaped container can be geometrically simplified as cuboid box
and a bend column for the purpose of reducing computation. The
pebble packing in box is similar to the packing in cubic container as
analyzed in Section 3.1. So in this work, the pebble packing in a bend
column container was simulated and analyzed. The dimensions of the
bend column container were shown in Fig. 1b, and the height of the
bend column pebble bed is 100 mm. Pebble diameter adopts 1 mm due
to the diameters of Li,SiO,4 pebbles are about 1 mm in concept design of
CN HCCB TBM [1].

Generally, there are four packing modes for random packed pebble
beds [50]: (a) Very Loose Random Packing (VLRP) formed by gradual
defluidization of a fluidized bed or by sedimentation. (b) Random Loose
Packing (RLP) obtained by rolling pebbles appropriately, or dropping
pebbles into container to form a loose mass; (c) Random Poured
Packing (RPP) obtained by pouring pebbles into container with an in-
itial velocity. (d) Random Close Packing (RCP) obtained usually by
vibrating packed bed [35]. In this study, the pebbles were inserted from
top region of container and then packed inside a cubic geometry and a
U-shaped bend column under the gravity, respectively. So the packing
modes in this work belong to RPP.

Without the loss of the generally, the packing processes in these
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Fig. 1. Cross section of sub-module for HCCB-TBM and the dimensions of the bend column container.
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Fig. 2. Effects of the aspect ratios on average packing factor: a, cylinder pebble bed; b, cubic packed bed.

numerical experiments are as follow: Firstly, a certain number of peb-
bles were inserted in the top region of container with a very loose
packing at inserting stage. Secondly, these pebbles with an initial ve-
locity were free-falling after applying gravity at packing stage. Colliding
and sliding appeared continuously and circularly during the packing
process. At the same time, a variable number of pebbles would be re-
inserted in the top region every specified time-step. The numbers of
pebbles in each reinsertion depend on both the maximum of inserting
process and the pebbles still existed in the top region without falling
down. That is because the reinserted pebbles cannot touch the existed
ones for ensuring without larger overlap. The total numbers of pebble
beds increased as time goes on. Thirdly, when the pebble beds reached
specified height few particles were inserted any more. From that mo-
ment on the rearrangement did not stop until the pebbles reached the
equilibrium state. Note that in this work the equilibrium state means
that under the interaction of contact force and gravity, the net force and
velocity of particles are close to zero owing to kinetic energy dissipation
of pebbles during collision and sliding, and the particle positions (the
center coordinates of pebbles) are almost no longer changing. In order
to monitor the equilibrium state during the packing process, the
translational kinetic energy and rotational kinetic energy were calcu-
lated every certain steps. Finally, all the pebbles randomly packed in
the cavity. In this work, the total kinetic energy of pebble beds are
about ~10~!*J and very close to zero in the end of these simulation. At
this time the pebbles are approximated as neither rotating nor

translating. The pebble bed can be considered to reach the equilibrium
state and the packing structures are no longer changing.

3. Results and discussions
3.1. Effect of aspect ratios on packing factor

In the most previous researches, the attention to the effect of both
container size and pebble size was focused on the aspect ratios in cy-
lindrical pebble bed. And the majority region of the tritium breeding
zone in HCCB TBM can be regarded as several long, tall, narrow cubic
boxes and two bend columns. Thus, in this work, the effects of aspect
ratios both in cylinder pebble bed and in cubic pebble bed were si-
mulated and analyzed. The pebble diameters are all equal to 1 mm.
Note that when calculating average packing factor, the pebble bed
should be high enough and the region adjacent to bottom and top wall
should be excluded for eliminating the wall effects of bottom and top
wall.

The effects of the aspect ratios of cylindrical pebble bed were stu-
died and compared with the experimental results referred to literature
[9,21,48,49], in Fig. 2a. These results obtained in this work are in good
accord with the previous experiment results [9,21,48,49]. All these
results showed the same trend that the packing factor increased with
the growing of the aspect ratios, acyinger,- The average packing factors
increased from 0.5762 with acyiinger, = 5 to 0.6184 with acyjinger, = 30.
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Fig. 3. Packing factor distribution in cylinder

The effects of the aspect ratios in cubic pebble bed, however, are few
revealed in literature. So the pebbles packed in the cubic containers
with the various aspect ratios, i, were also simulated in this work.
The results are shown in Fig. 2b. It is clearly show that the packing
factors in cubic pebble bed also increase with the increase of the aspect
ratios Q.. of cubic pebble bed. When the aspect ratios a..; are 5 and
50, the average packing factors are equal to 0.5737 and 0.6328, re-
spectively. In contrast a.;;,. = 5, the average packing factor increased
by 10.3% when ayp;c = 50.

The trends, average packing factor increasing with the growing
aspect ratios, are partly attributed to the effects of container walls. The
Fig. 3 provides figures of packing factor distribution in mono-sized
cylinder and cubic pebble bed. In cylinder pebble bed, the packing
factors are drastic fluctuation throughout the pebble bed when acyiinder
is 5. And when aspect ratio a.,jnder is €qual to 50, the packing factor
shown a fluctuation with the decrease of the amplitude along the in-
creasing of distance to container wall. The fluctuation is limited in
about 5 pebble diameters close to container wall. In the inner region,
the packing factor gradually reached a stable value, namely the average
packing factor. Due to the wall effect, the local average packing factors
in the near wall region and corner region have smaller values [35].
Compared with the whole pebble bed, the volume fractions of wall
effect regions are gradually declined with the growth of aspect ratios.
Thus the packing factors increase with the growing of the aspect ratios
of Qcytinger- Similar characteristics were observed in the cubic pebble
beds. To sum up, the larger the aspect ratios in cylinder and cubic
pebble bed, the smaller the proportion of the wall affected region, the
greater the average packing factor of the cylinder and cubic pebble bed.
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3.2. Packing structures of U-shaped pebble bed

3.2.1. 3D packing structures

The ceramic tritium breeder materials are used in the form of
pebbles and packed in the U-shaped containers [1,2]. In this section, the
pebble packing structure in a bend column container was simulated and
analyzed. The dimensions of the bend container were shown in Fig. 1b,
and the height of the bend pebble bed is 100 mm. Pebble diameter
adopts 1 mm due to the diameters of Li,SiO4 pebbles are about 1 mm in
concept design of CN HCCB TBM [1]. Other material parameters in
Table 1 are employed in this simulation. With the help of ParaView
[51], a visualization method has been applied to visualize the pebble
bed from DEM simulation results.

Fig. 4 shows the 3D views of the pebble bed packing structures for
mono-sized bend pebble bed in the equilibrium state. In Fig. 4a, the
pebbles were colored by the unbalanced force of each pebble. The
unbalanced force is the net forces on pebbles including the gravity and
contact forces. The average unbalanced force in the pebble bed is about
7.26 x 107! N. In Fig. 4b, the pebbles were colored by the velocities
of pebbles. The average velocity of pebbles in the bend pebble bed is
about 2.50 x 108 m/s. Owing to such small velocity and unbalanced
force, the movements of the pebbles are very small and the positions of
the pebbles are almost constant. At this moment the packing structure
of the bend pebble bed can be considered as stable state and can be
further analyzed. There are 308,083 pebbles in the bend pebble bed at
the final equilibrium state.

To reveal the inner packing structure, the pebble centers of the bend
pebble bed at final equilibrium state were projected to the bottom
plane, namely X-Y plane, as shown in Fig. 5a. To clearly show the detail
internal structures of the bend pebble bed, the local views in the rec-
tangle region and the local bend region were enlarged and figured in
Fig. 5b—d. The points represent the pebble centers. It can be seen that in
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Fig. 4. 3D visualization of U-shaped pebble bed colored by (a) unbalanced force and (b) velocity (color online).
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Fig. 5. Pebble center distribution of U-shaped pebble bed (color online).
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the near wall region, the pebble centers packed and formed some reg-
ular layers. While in the inner bulk region, the pebble centers dis-
tributed uniformly and randomly. With the increase of distance to the
container wall the layered arrangements disappeared gradually. A
transition region was formed between the layered region and the inner
bulk region. Close to the straight wall, about 4 layers were formed. Near
the outside concave wall, there are about 4-5 layers. While close to the
inside convex wall, only 3-4 layers were formed. In the straight corner
region the layers intersected and formed mesh structure. These layered
and meshed characteristics of pebble center distribution may form the
relatively regular and loose packing structures and cause the packing
factor variation. The packing factor distributions in the bend pebble bed
will be analyzed in the following section.

3.2.2. Packing factor distribution

The packing factor is an important parameter to reveal the packing
structure of a pebble bed, which is affected by many factors, such as the
pebble size and the size distribution, the shape of pebbles, the dimen-
sion of container, the packing process, and so on. The average packing
factor is defined by the volume ratio of solid pebbles to the whole
pebble bed. To calculate the local packing factor, a method, proposed
by Mueller [52], is used in this study. The pebble bed is divided into
many parallel layers by many parallel cutting walls. As the thicknesses
of these layers approaching zero, the local packing factor is determined
by the area ratio of the summed intersection areas between all pebbles
and the cutting wall to the cross areas of the parallel layers. And in the
bend region the cutting walls are 1/4 cylindrical walls with the same
center axis. Note that when calculating the local packing factor close to
container wall, such as bottom wall, the regions close to other walls,
such as side walls, should be excluded for excluding the influences of
other container wall.

The average packing factor of the bend pebble bed is 0.6278. The
local packing factor distributions are figured in Fig. 6. The variations of
the local packing factors correspond to the pebble center distributions
showed in Fig. 5. The radial local packing factor along the arrows in the
rectangle region and the bend region shown in Fig. 5 are calculated and
figured in Fig. 6a. It can be seen that close to the inside convex wall and
the outside concave wall of the bend region, the pebbles obviously
arranged several regular layers, especially at the line that adjoined to
container wall and formed by the first layer pebble centers, which will
result in a peak value of local packing factor as shown in Fig. 6a. While
in the region between the neighbor layers, namely the region with
sparse pebble centers, a nadir value of local packing factor was ob-
served. With the increase of the distance to the container wall the
layered arrangements disappeared gradually and the oscillating char-
acteristics of local packing factor also damped little by little. The
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oscillations of local packing factors were all limited in about 5 dia-
meters distance to container wall. A transition region was formed be-
tween the layered region and the inner bulk region. The layered ar-
rangements and the transition region will result in the oscillatory and
damped behavior of local packing factor with the increase of the dis-
tance to container wall. It is the so-called wall effect, which is a typical
characteristic of granular system. In the inner bulk region, however, the
pebble centers distributed uniformly and randomly. And the local
packing factor also reached a stable value, namely the average packing
factor of the inner bulk region.

The Fig. 6b shows the local packing factor of the bend pebble bed as
a function of the distance to the bottom wall. The local packing factors
also oscillated and damped in the near bottom wall region. The oscil-
lation is limited in about 4.5 pebble diameters and the oscillating period
is about 0.9 pebble diameters. A similar characteristic of bottom wall
effect was observed as shown in Fig. 6d. Compared with the results in
literature, the simulation results in this work are in a good agreement
with the experimental results carried out by Klerk [50], which indicates
that the pebble bed obtained in this DEM simulation has a reasonable
and typical packing structure.

Noticeable, the oscillating and damping characteristics of the local
packing factor reveal that the flow characteristics of purge gas and
thermal exchange between pebble bed and structure materials may be
influenced. And the researches about the influence of wall effect on
flow characteristics are ongoing.

3.2.3. Contact force distribution

Force chains that are formed by mechanical contacts of inter-par-
ticles play an important role in pebble bed. The net-shaped framework
formed by force chains supports the whole pebble bed. The strong force
chains of pebble bed carry the majority of stress and external load. The
low force chains, throughout the whole pebble bed, keep the stability of
the pebble bed packing structure. Furthermore, the force chains are
helpful in understanding the heat transfer mechanism of pebble bed,
such as the Li,SiO4 pebble bed and the beryllium pebble bed of HCCB
TBM. The pathways, formed by force chains, have a smaller resistance
to the heat transfer for the pebble bed with high ratio of solid to gas
thermal conductivity, especially. The force chains, colored by contact
forces, of the bend pebble bed were displayed in Fig. 7. And the color
represents the magnitude of contact force. The unit of contact force is N.
To illustrate the details, the partial views in the top, middle, bottom
region were amplified in Fig. 5, respectively. It can be seen that with
the increase of the pebble bed height, the strength of the contact force
chains are gradually weakened. There is a strong contact force chain
between pebbles in the bottom region, while the contact force between
the top region particles is relatively weak. The phenomenon mainly

Distance to bottom wall (d=1mm)

Fig. 6. Packing factors distribution. (a) Along the distance to inner wall; (b) Along the distance to bottom wall (color online).
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Fig. 8. Normal contact force distribution of U-shaped pebble bed: a, Position distributions; b, Probability distributions.

stems from the fact that the gravity was applied to each pebble during
the packing process. A greater contact force between the particles in the
bottom region can counteract the greater pressure exerted by the upper
particles due to the gravity. Thereby the entire pebble bed can reach a
stable packing state.

The contact force distributions, the position distribution and the
probability distribution, are the most typical characterization of contact
force chains. The position distribution of contact forces along the Z-axis
in mono-sized bend pebble bed is plotted in Fig. 8a. Here, the f/fg,, is
the normalized contact forces and the f,,, indicates the average contact
force over whole pebble bed. Note that in this simulation the me-
chanical compaction wasn’t applied on the bend pebble bed. The
average normalized contact forces have no distinct trend profiles along
X-axis and Y-axis and just oscillate around the average contact forces.
Along the Z-axis, the average normalized contact forces decrease with
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the increase of bed height due to the effect of gravity, which are in
agreement well with the physical phenomenon. Thus, the pebbles in the
bottom region are more likely to be crushed.

Based on the statistical analysis, the probability distribution of
normalized contact forces in the bend pebble bed is shown in Fig. 8b.
The probability density first climb up slightly and then decline rapidly
when the normalized contact force near zero. The distributions of
normalized contact forces in the mono-sized bend pebble bed at equi-
librium state are in agreement well with the Ngan’s Model [53].

3.2.4. Coordination number distribution

Coordination number is an important micro parameter to char-
acterize a granular system. It is determined by the number of the
pebbles in contact with a certain pebble. To compare to the coordina-
tion number in experiments, the cut-off distance was set to 1.005
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Fig. 9. Coordination number distributions of mono-sized pebble bed: a, uncompressed pebble beds; b, compressed pebble beds.

diameters for searching neighboring pebbles and calculating co-
ordination number. If the distance between two pebble centers less than
the cut-off distance, these two pebbles are considered to be in contact.
The frequency distributions of coordination number in the bend pebble
bed with two simulation cases are plotted and compared with experi-
mental results of uncompressed pebble bed [32] in Fig. 9a. The same
simulation conditions were applied to these two cases. There are
308,083 and 308,392 pebbles in the bend pebble bed of case01 and
case02 respectively. It can be seen that there is no significant difference
in the coordination number distributions of these two pebble beds. The
coordination number of the bend pebble bed is changed in the region of
2-12. The average coordination number is 5.9873 and 5.9866 in the
mono-sized pebble bed of case01 and case02 respectively. The most
probable values are 6 in uncompressed mono-sized pebble bed, which is
obviously comparable to the experimental results reported in Ref. [32],
the average coordination number is 5.9 in KBO [30,31]. Besides, the
coordination number distributions of compressed pebble beds, which
are from Refs. [30,31], are plotted in Fig. 9b. The maximum values of
coordination number are between 6 and 7. Compared to uncompressed
pebble bed, the pebbles in compressed mono-sized pebble bed have
more contact.

4. Conclusion

DEM was applied to simulate the pebble packing behaviors of mono-
sized pebble bed in cubic and a bend column container, respectively, by
pouring pebbles into the container. It is demonstrated that the DEM
code can well simulate the reasonably and realistically pebble packing
process. And the DEM simulation can provide more useful information
about the pebble packing structures of pebble bed.

From the results obtained in this study, it is clearly that with the
augment of the aspect ratios, the increase of average packing factor are
observed both in cubic and cylindrical pebble bed. The results in this
work were obviously comparable to the experimental results. Further,
the pebble packing structures in a bend column pebble bed, which was
simplified from U-shaped containers of HCCB TBM, was analyzed. The
result gives more information about the packing structure of pebble
bed. Especially in the near wall region, the oscillating and damping
characteristics of local packing factors were observed. In addition, the
contact force and coordination number distributions were detailed
analyzed.
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