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ABSTRACT

The binary-sized pebble mixed beds at the maximum packing efficiency state were numerical simulated by the
DEM simulation to investigate the effect of fixed wall and pebble size ratios. The evolution of the distribution
of packing fraction and porosity, radial distribution function and contact force were given and analyzed with em-
phasis on the effects of the fixed wall and pebble size ratio. The results showed that the fixed wall will result in a
reduction of average packing fraction and an obvious wall effect in local porosity distribution. With the increase
of the pebble size ratio, the volume fraction of the wall affected regions gradually decrease. The variation of the
local packing fraction of the binary-sized pebble bed is mainly determined by the partial packing fraction of large
pebbles and the partial packing fraction of small pebbles, respectively, in the regions close to the fixed wall. Fur-
thermore, the fixed wall has little effect on the radial distribution function and contact force. However, the pebble
size ratios have great influence on the radial distribution function and the contact force in binary-sized pebble
bed at the maximum packing efficiency state. With the increase of the pebble size ratio, the radial distribution
functions of the whole pebble beds are consistent with that of small pebbles, and approach to that of the
mono-sized pebble bed. In addition, with the increase of the pebble size ratio, a higher contact force can be ob-

tained in pebble beds.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Granular matters are ubiquitous in both nature and many industry
systems, which consists of large amounts of discrete particles, such as,
grain, sand, rock-fill, etc. in nature, and the fluidized bed, drying bed,
catalytic bed, etc. in chemical system. In addition, the pebble bed has
been used more and more widely in the nuclear reactor. Such as, in
pebble-bed nuclear reactor the fuel and graphite are used in form of
mono-sized pebbles [1,2]. In the nuclear fusion reactor, the tritium
breeder materials and the neutron multiplier materials are used in
form of monodisperse and binary pebbles in the tritium breeding blan-
ket [3-15]. Many researchers have deeply investigated the packing be-
haviors of mono-sized pebble bed due to the widely application. In
recent years, however, due to the advantages of the higher packing frac-
tion and the larger effective thermal conductivity compared with mono-
sized pebble bed [16], the binary-sized and poly-disperse pebble bed
have been used more and more. Such as, the binary-sized beryllium
pebbles at maximum packing efficiency state were used as neutron
multiplier in HCCB TBM [3,7], the poly-disperse Li4SiO,4 pebbles with
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the diameter of 0.25-0.65 mm were used as tritium breeder in the EU
HCPB TBM [17-19]. Therefore, it is of great significance to investigate
the effect of pebble size ratio on the packing fraction (or called packing
density, packing factor) and porosity of binary-sized and poly-disperse
pebble bed at maximum packing efficiency state for its applications in
nuclear fusion reactor and other industrial system.

The previous results [20-37] show that the mechanical properties of
binary-sized pebble beds are strongly related to the packing behaviors
of the pebble bed, including the packing fraction, porosity, coordination
number, contact force, and so forth. Thus, many experiments and simu-
lations were carried out on the investigations of packing structures in
binary-sized pebble bed [33-36,38-40]. The average packing fraction
of binary-sized pebble bed have been experimentally determined in
many literature [32,33,38,41-49] and several theoretical models for
predicting the packing fraction of the binary-sized pebble beds have
been proposed [46-50]. The results reported in the literature show
that the average packing fraction of binary-sized pebble beds were af-
fected obviously by the volume fraction of large pebble (VFL) and the
pebble size ratio (SR), as shown in Fig. 1. With the increase of the VFL
the packing fraction increases first and then decreases. The maximum
packing fraction can be obtained at the VFL of 60-80% with different
SR. In addition, the packing fraction increases rapidly as the SR increases
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Fig. 1. The average packing fraction variation in binary-sized pebble mixed bed.

in the binary-sized pebble bed with constant VFL. Meng et al. [35] sys-
tematically investigated the packing properties of the binary-sized peb-
ble bed with periodic boundary based on the numerical simulation by
using a relaxation algorithm. In addition, the fixed wall has significant
influences on packing behaviors and porosity distribution in pebble
bed [51,52]. For example, Reimann et al. [51] investigated the mono-
sized pebble packing in cylinder container with and without the inner
cylinders. The results shown that the concave and convex wall have
great influence on packing structure of mono-sized pebbles packed
bed close to fixed walls, especially the radial porosity distribution. Dai
et al. [52] investigated the structural dynamics of mono-sized pebble
packing in confined cylinder during the mechanical vibration. The re-
sults show that the mechanical vibration brings a disorder-to-order
transition and a granular crystallization was induced under the effect
of the confined wall. However, most of the investigations were focused
on the wall effect on the radial porosity variation in mono-sized pebble
bed [51-54], the effect of fixed wall on the variation of the local porosity
in binary-sized pebble bed are few reported.

Generally, there are three typical packing states in the binary-sized
mixed pebble bed corresponding to the variation of the VFL [34,35,
55-57], namely, the large pebble floating state, transitional packing
state and no-floating packing state of large pebble. These three packing
states correspond to the different VFL, as shown in Fig. 1. In the large
pebble floating state, small pebbles occupy the most of the bed volume,
whereas in the large pebble non-floating packing state, the large pebbles
occupy the majority volume of the pebble bed and the small pebbles are
filled in a part of the voids formed between large pebbles. Relative low
average packing fraction and larger porosity can be observed in both
the large pebble floating state and the large pebble non-floating state.
While, in the transitional packing state, the gaps between large pebbles
are fully filled up with small pebbles. The higher packing fraction and the
minimum porosity are obtained generally in the transitional packing
state. When the maximum packing fraction are obtained, the packing
state can be called the maximum packing efficiency state. In addition,
it is clear that in the large pebble floating and non-floating packing
state, the contact force chains of binary-sized pebble bed are dominated
by small pebbles and large pebbles respectively [34]. However, in the
transitional packing state, it is difficult to distinguish whether the con-
tact force chains in binary-sized pebble bed are dominated by small peb-
bles or large pebbles. Thus, more comprehensive investigations of the
contact force distribution in binary-sized pebble bed are needed.
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As far as the authors know, the majority of the studies of the packing
properties of binary-sized pebble bed have focused on the effect of VFL
and SR on average packing fraction [7,23-28,32-39,47-50]. Gan et al.
[39] investigated the packing structures of the binary-sized pebble bed
with different VFL and PSR by an extended random close packing algo-
rithm for polydisperse particle packing. The results show that the max-
imum packing fraction can be obtained in the range of VFL between
0.6-0.8. A similar result can be observed in Meng et al.'s investigation
[35]. Chen et al. [7] simulated the binary-sized pebble packing for
mixed pebble beds of water-cooled ceramic breeder blanket. A packing
fraction of more than 0.75 for Li;TiO3/Be,Ti mixed breeding pebble bed
can be achieved with SR = 5 and VFL around 0.6-0.7. Reimann et al. [58]
explored the packing structure of pebble packing in slender prismatic
container. The packing structures were characterized by the packing
fraction, coordination number, contact angle and Voronoi packing frac-
tion. In addition, Dong et al. [59] explored the packing structures of the
order to disorder transition within 2D binary-sized granular packing
under vibration. However, few studies were carried out on the effects
of pebble size ratio and the fixed wall effect on the local packing fraction
variation close to fixed wall and the contact force distribution in three-
dimensional binary-sized pebbles packed bed, especially at the maxi-
mum packing efficiency state. The existing results are also insufficient
to comprehensively explain the effect of pebble size ratio on the radial
distribution function and organization of binary-sized pebble bed.

Therefore, the effects of the pebble size ratio and the fixed wall on
the inner packing structure and the contact force distribution of
binary-sized pebbles densely packed beds are investigated by using
discrete element method (DEM) simulation in this study. The
binary-sized pebble mixtures are performed with different VFL and
SR. The effect of pebble size ratio and fixed wall effect on the local
porosity distribution, the radial distribution function and the contact
force in binary-sized pebble mixed bed at the maximum packing ef-
ficiency state with different pebble size ratios (SR = 1,3,5,7) and side
boundary condition (fixed side wall and periodic boundary) are also
discussed to gain further insight into the packing properties of
binary-sized fixed pebble bed.

2. Simulation methodology
2.1. Discrete element method

In this work, the Discrete Element Method (DEM), first introduced
and by Cundall [60], was applied to model the packing of binary-sized
spherical pebbles under gravity. Each pebble is considered as an inde-
pendent element and the following assumptions are applied in the
simulation: a) All the particle are absolute spherical pebbles; b) The ma-
terial properties of spherical pebbles are uniform and isotropic; c) The
pebbles are hard rigid sphere, only very small overlaps exist between
two contact pebbles or between wall and pebble, which can be regarded
as point contact; d) The contact force between two touched pebbles is
calculated by the Hertz-Mindlin theory; e) In the process of pebble
motion, the Coulomb Friction Law is applied to simulate the friction
phenomenon between two contact pebbles and between wall and
pebbles.

According to the overlap distance and the contact theory, the contact
forces between two pebbles contact with each other are calculated cir-
cularly. Each pebble is tracked in the simulation. The collisions and the
sliding between the pebbles and between wall and pebbles are all
modeled. During the packing process, the motions of every pebbles con-
firm to the Newton's second law of motion. The pebble motions are
driven by the contact forces from interactions with neighboring contact
particles and the gravity. The details of the Hertz-Mindlin contact theory
can be found in Ref. [60, 61].
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2.2. Packing process and parameters

It is well known that the average packing fraction and the average
porosity of the binary-sized pebble bed are affected obviously by the
SR and the VFL, as shown in Fig. 1. The average packing fraction first in-
creases gradually and then decreases rapidly with the increase of the
VFL in the binary-sized pebble bed. A larger packing fraction can be ob-
tained at the VFL of 60% ~ 80%. The point A represents the theoretical
maximum packing efficiency state of binary-sized pebble packing. The
maximum packing efficiency state of binary-sized pebble packed bed
is defined as a dense packing state of binary-sized pebbles mixture
that small pebbles are densely packed in the void formed among the
large pebbles, as a result, the maximum packing fraction can be ob-
tained at this pebble packing state [34]. However, during the packing
process in reality, the theoretical maximum packing efficiency state is
always difficult to be achieved. The packing fraction of the binary-
sized pebble mixed bed is actually always lower than that at theoretical
maximum packing efficiency state. Thus, in realistic packing experi-
ment, the packing state with maximum packing fraction can be called
the maximum packing efficiency state in many packing experiments,
which is described as the packing state of binary-sized pebble bed in
which the small pebbles are fully filled as many as possible and densely
packed in the gaps among large pebbles in realistic packing experiment.
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Table 1
Parameters used in the DEM simulation.

Property Symbol  Pebble (Li,SiO4 Wall (CLF-1 steel
[8-10]) [62])
Density p(g/cm®) 2.323 -
Young's modulus Y (GPa) 90 225
Poisson ratio v 0.24 0.33
Friction coefficient for Hpp 0.1 -
pebble-pebble
Friction coefficient for Hpw 0.1
pebble-wall
Coefficient of restitution e 0.9
Time-step At (s) le-7 -
Diameter of small pebble ds(mm) 1 -
Diameter of large pebble di(mm) 1,3,5,7 -

In order to analyze the packing behaviors of binary-sized pebble
bed. The simulations, repeated at least 3 times, were performed
with different SR and VFL to achieve the maximum packing effi-
ciency state. The results of average packing fraction are shown in
Fig. 2.1t is clearly and noticeably show that the maximum packing ef-
ficiency states were obtained at the VFL of 70%, which are agreed
well with the previous investigation reported in literature [35,39].

Fig. 2. Average packing fraction of binary-mixed pebble bed various as volume fraction of large pebble and size ratio: a) and b) compared with literature results (Meng, et al. [30] and Gan,

etal. [34]); ¢) and d) fixed wall effect.
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Thus, the following analysis were focused on the packing perfor-
mance of binary-sized pebble bed at the VFL of 70%. In addition,
the Li,SiO4 pebble, which is used as tritium breeder of a typical
solid tritium breeder blanket of fusion reactor [3-11], is employed
as a case to investigate the effect of pebble size ratio and fixed wall
on packing properties and contact force in binary mixed pebble
bed at maximum packing efficiency state in this study. The parame-
ters of pebble used in this study are listed in Table 1 by referring the
literature [8-11,62].

The results of Meng et al. [35] and McGeary et al. [63] indicated
that the pebble size ratio of 1-7 have an obvious effect on the packing
behaviors of binary-sized pebble bed. Thus, four kinds of pebble size
ratios (SR = 1, 3, 5, 7) are selected. When SR =1, the pebble bed is
equivalent to mono-sized pebble bed. Thus, the packing of mono-sized
pebbles was also simulated and compared with results from literature
to validate the simulation in this study. For the binary-sized pebble
packing, the small pebble diameter was selected as 1 mm, the large peb-
ble diameters were 1 mm, 3 mm, 5 mm, 7 mm, respectively. In addition,
in order to reveal the fixed wall effect on the packing structures of the
binary-sized pebble beds, the fixed side wall and periodic boundary
along the X/Y directions (side wall directions) were adopted in this
study. Along the Z-axial direction, the fixed wall was also applied at
the bottom plane in all simulations to support the gravity of pebble
bed. The dimension of the pebble bed along the X-axis and Y-axis direc-
tions are 10 times of the large pebble diameter to clearly show the influ-
ence of wall effect on the packing structure of binary-sized pebble bed.
In addition, since the gravity always exists in many application fields of
granular system, the gravity with acceleration of g = 9.81 m/s? was also
applied in the simulation.

The pebbles were inserted into the container in batches under grav-
ity. The packing processes of the binary mixed pebbles are as follow:
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First, in the top zone of the container, a certain number of pebbles
were generated randomly according to the predefined pebble size and
pebble proportion with no overlaps between pebbles. Then, the gener-
ated pebbles began to freely fall under the gravity. Simultaneously, a
variable number of binary-sized spherical pebbles will be regenerated
in batches in the top region of the container at every specified time-
step. During the packing process, the pebble number in the bed will
increases continuously. The collision, sliding, friction and rolling motion
between pebbles will happen continuously and circularly. When the
pebble bed height reaches a certain value of about 10d, it will stop fill-
ing pebbles into the container. From that moment on, the kinetic energy
of pebbles is dissipated gradually owing to the collision, sliding, friction
and rolling process. Finally, under the interaction of the gravity, the con-
tact force, friction interaction, and energy dissipation, the pebble
reaches an equilibrium static state gradually. Pebbles are packed in the
container randomly. At that time, the sum kinetic energy of all pebbles
in bed is about ~10~'4]. The pebbles can be considered as neither trans-
lating nor rotating. The further analysis of packing properties can be
carried out.

3. Results and discussion

3.1. Effects of pebble size ratio and fixed wall on packing fraction and poros-
ity distribution

3.1.1. Average packing fraction

Although a large number of experimental and simulation investiga-
tions of the average packing fraction of binary-sized pebble mixed bed
have been reported, in this study, the average packing fractions of
binary-sized pebble mixed beds were still calculated and presented
here to compare with results from literature [35,39] and validate the

Fig. 3. Fix wall effect on the local porosity variation and pebble center distribution in mono-sized pebble bed with fixed wall and periodic boundary.
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simulation in this work, as shown in Fig. 2. It is well known that the av-
erage packing fraction of binary-sized pebble bed is significantly af-
fected by pebble size ratio and volume fraction of large pebble. In
binary-sized pebble bed without considering the fixed wall, the average
packing fraction first increases gradually and then decreases rapidly
with the increase of the VFL and also increase as the increase of the
SR. The results gained in this study are agreement well with that from
literature [35,39], as shown in Fig. 2a and b.

Furthermore, Fig. 2c and d show the average packing fraction de-
pends on the VFL and the SR in binary-sized pebble bed with fixed
wall and periodic boundary in side. The results reveal that the fixed
wall affects the packing fraction in binary-sized pebble bed, which
will result in a relative lower average packing fraction compared
with periodic boundary pebble bed. It can be clearly seen from the
figure that the same variation trend of average packing fraction is
obtained in binary-sized pebble beds with the fixed wall and the pe-
riodic boundary in this study. The average packing fraction of binary-
sized pebble bed first increases gradually and then decreases quickly
with the increase of the VFL. A relatively large packing fraction is
obtained when the VFL in the range of 60% ~ 80%. The maximum
average packing fraction of the binary-sized pebble mixed bed is
achieved in the VFL of 70% in this study. At this time, the pebble
bed reaches the maximum packing efficiency state. Thus, the discus-
sion in following section is focused on the packing properties of peb-
ble beds at the maximum packing efficiency state. In addition, when
VFL is constant, as the pebble size ratio increases the average packing
fraction increases significantly, as shown in Fig. 2d. For instance, the
average packing fraction increases from 0.62-0.64 when the pebble
size ratio is 1 to 0.76-0.8 when the pebble size ratio is 7 in binary-
sized pebble bed in this study. The average packing fraction of pebble
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bed with fixed side wall is obviously smaller than that with periodic
boundary, which is mainly due to the relative loose arrangement of
pebble close to the fixed wall. The pebbles in the bed with periodic
boundary are far away from the fixed wall. Without the effect of
fixed wall, a higher packing fraction and a denser packing structure
can be obtained. The effect of fixed wall on the packing properties
of the binary-sized pebble mixed bed can be revealed in detail
from the local porosity distribution of the pebble bed, which will
be discussed in Section 3.1.2.

3.1.2. Local porosity distribution

The porosity of pebble bed is an important parameter to characterize
the local packing structure of fixed pebble bed. The porosity distribution
inside pebble bed affects the flow behaviors of fluid (liquid and gas) in
pebble bed, such as pressure drop, velocity distribution, pressure distri-
bution, mass distribution, and so forth. Therefore, in this section, we fo-
cused on the investigation of the effects of the pebble size ratio and fixed
wall on the local porosity in binary-sized pebble mixed bed at the max-
imum packing efficiency state.

When SR = 1, the pebble beds can be regarded as mono-sized peb-
ble beds. Fig. 3 provides the local porosity distribution and pebble center
distribution in mono-sized pebble beds with fixed wall and periodic
boundary. Along the x-axis directions, the axial local porosity is almost
stable in the whole pebble bed with periodic boundary. Only a slight
variation can be observed around the average porosity (see Fig. 3d.),
which is mainly caused by the pebble random packing. It can be seen
from the contour map of porosity distribution and the figure of pebble
center distribution (pebble center was projected into the bottom
plane) that the uniform packing structure can be obtained in the

Fig. 4. Effect of pebble size ratio and fixed wall on the axial local porosity distribution in binary-sized pebble bed: (a) SR = 1, (b) SR = 3, (¢) SR =5, (d) SR = 7.
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binary-sized pebble mixed bed with periodic boundary, which corre-
sponds to the results observed in Fig. 3d and e.

However, when the pebbles packed in a container with fixed wall
boundary, the axial local porosity shows a drastic fluctuation charac-
teristic in the near wall region. With the increase of the distance to
the fixed wall, the fluctuations are gradually damped and the local
porosity gradually approach to a constant value, which can also be
observed in the porosity distribution contour in Fig. 3b. Only in the
inner region of the bed with fixed wall, uniform distribution of
local porosity similar to that of the periodic boundary pebble bed
can be observed. Moreover, the wall effect on packing structure can
also be indicated in the pebble center distribution (Fig. 3¢). A layered
pebble center distribution parallel to the wall can be observed near
the fixed wall. While, in the inner zone, pebble center is distributed
randomly and uniformly. This is mainly because the pebble packing
must conform to the wall's curvature in container vessels. The pack-
ing structures and the arrangements of pebbles are relatively regular
and loose due to the influence of container wall, which will result in
the greater porosity near the wall of the container vessels compared
the inner bulk region of the beds. Furthermore, adjacent to the fixed
wall, the local porosity approach to 1, since each pebble can only
touch the wall with point contact. With the increase of the distance
to the wall, the amplitude of the porosity fluctuations is gradually
damped. In the inner region of the pebble bed, which is far from
the wall, the packing arrangements are almost not affected by the

Powder Technology 390 (2021) 504-520

wall effect. a relative constant porosity can be observed. The wall ef-
fect regions are limited in the range of 4d ~ 5d close to the fixed wall
in the mono-sized pebble bed. Moreover, the local porosity distribu-
tion in the mono-sized pebble bed with fixed wall is agreement well
with the Klerk's experimental model [64], which indicates that a rel-
atively reliable results can be obtained in this study.

For binary-sized pebble mixed beds, the lengths of edges along x-
axis and y-axis of containers are all equal to 10 times of diameter of
large pebbles. The axial local porosities of binary-sized pebble bed
with different SR at the maximum packing efficiency state are
shown in Fig. 4. The results reveal that the fixed wall also has an ob-
vious effect on the axial local porosity distribution in binary-sized
pebble mixed bed. Compared with the mono-sized pebble bed with
fixed wall, not only the average porosity in the inner bulk region re-
duces obviously, but also the volume fraction of the fixed wall influ-
enced regions reduce rapidly in binary-sized pebble bed with fixed
wall. When the pebble size ratio is equal to 1, namely mono-sized
pebble bed, the fluctuation of local porosity is limited in about 5ds
close to the container wall. When the pebble size ratio is equal to
3, the variation of local porosity almost is restricted to the regions
closed to the container wall only 3.67ds. When the pebble size ratio
increases to 5, the change of local porosity is limited in only about
5.83ds close to the side wall. When the pebble size ratio increased
to 7, the obvious oscillations of local porosity are confined to less
than 8.33d; close to the fixed side wall.

Fig. 5. Porosity distribution of binary-sized pebble bed with fixed wall and different pebble size ratio.
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Although the absolute width of wall affected regions get greater with
the increase of the pebble size ratio in binary-sized pebble bed, the
volume fractions of wall affected regions in whole bed reduce gradually
compared with thatin the mono-sized pebble bed. Such as, when the peb-
ble size ratios are 1, 3, 5, 7, respectively, the width of porosity fluctuation
relative to large pebble diameter, caused by fixed wall effect, is const-
rained in about 5d;, 1.22d;, 1.16d;, 1.19d; close to the fixed wall. In addi-
tion, the contour distribution of local porosity of binary-sized pebble
bed with fixed wall and different pebble size ratios at maximum packing
efficiency state are shown in Fig. 5. Obvious wall effect in local porosity
distribution can be observed from the results. Close to the fixed wall
boundary, the distributions of the maximal value and the minimal value
of local porosity are stratified parallel to the wall. In the corner region of
pebble bed, a crossed-grid distribution can be observed owing to the
effect of two fixed side walls, which will bring a reduction of packing
fraction and an increase of the porosity. While, in the inner zone of
the binary-sized pebble mixed bed, the local porosities are distributed
homogeneously and randomly without the effect of fixed wall.

Additionally, to reveal the characterization of pebble packing, the
pebble centers were projected into the x-y plane, as shown in Fig. 6.
The wall effect can be observed clearly in both the mono-sized pebble
bed and binary-sized pebble mixed bed. It is because that the pebble
packing close to fixed wall must conform to the wall shape to achieve
equilibrium state. The pebbles adjacent to the wall are contacted with
fixed wall in point contact mode, consequently, the maximum porosity
can be observed adjacent to the fixed wall. When the distance to fixed
wall is about 0.5ds, a large number of pebbles gathered, which result
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in the minimum local porosity and maximum local packing fraction cor-
responding to the first minimal value of porosity in Fig. 4. With further
increase of the distance to fixed wall, the pebble center distribution be-
come more and more uniform and random, and the local porosity tends
to a constant value. While, due to the effect of two adjacent fixed wall,
the lines formed by the aggregation of pebble center intersect each
other, which results in the characterization of the cross-grid distribution
of porosity corresponding to the porosity distribution in Figs. 4 and 5.

To summarize, the wall affected regions gradually decrease with the
increase of pebble size ratio at the maximum packing efficiency state.
The variations of local porosity are contributed to the packing of large
pebbles and small pebbles. The packing of large pebbles forms the po-
rous skeleton of the pebble bed, and the small pebbles are fully filled
in the gap between the large pebbles. This type of the pebble packing
will result in gradual decreases in average porosity of binary-sized peb-
ble mixed bed and in the volume fraction of fixed wall affected region,
respectively, with the increase of the pebble size ratio.

In addition, in order to reveal the contribution mechanism of the
large pebbles and the small pebbles to the porosity variation near the
wall under the influence of the fixed wall effect, we calculated the pack-
ing fraction of large pebble, small pebble and all pebbles respectively in
binary-sized pebble bed, as shown in Fig. 7. The relation between poros-
ity and packing fraction is as follows: 1 - porosity = packing fraction.
The packing fraction of all pebble in pebble bed is the sum of the partial
packing fraction of large pebbles and the partial packing fraction of
small pebbles. The x-axis was normalized by the diameters of large
pebbles (d;) in Fig. 7b-d. Fig. 7a shows the packing fraction of the

Fig. 6. Pebble center distribution of binary-sized pebble mixed bed with different pebble size ratio.
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Fig. 7. Effect of pebble size ratio on the local packing fraction in binary-sized pebble bed: (a) SR = 1,d; = ds = 1 mm, (b) SR = 3,d; = 3 mm, ds = 1 mm, (¢) SR = 5,d; = 5 mm,

ds=1mm, (d) Sg = 7,dL = 7 mm, ds = 1 mm.

mono-sized pebble beds (SR = 1, d; = ds = 1 mm). It can be seen from
the results in Fig. 7b-d that the variation of the local packing fraction of
the binary-sized pebble bed is mainly determined by the partial packing
fraction of large pebbles and the partial packing fraction of small peb-
bles, respectively. With the increase of the distance to the fixed wall,
the contributions of the large pebbles and small pebbles are different.
When the distance to fixed wall is less than the radius of the large peb-
ble, 0.5d;, the variation of local packing fraction is mainly dominated but
the packing of small pebbles, as shown in Fig. 7b-d, the oscillation pe-
riod of all pebbles is similar to that of the partial packing fraction of
small pebbles. For instance, when the SR = 5, there are 3-4 peaks of
local packing fraction of whole pebble bed labeled as (M) in Fig. 7c,
the profile of the partial packing fraction of small pebbles labeled as
(#) also show 3-4 peaks at the same position. However, when the dis-
tance to fixed wall is greater than the 0.5d;, the variation characteristics
of packing fraction of all pebbles in binary-sized pebble bed is consistent
with that of large pebbles, but opposite to that of small pebbles.

For the binary-sized pebble mixed bed, the partial local packing frac-
tion of large pebbles oscillates and decays in the range of 1-1.5d; close
to the fixed wall. When the distance to the wall is 1.0d;, a minimal
value of the partial local packing fraction of large pebbles can be ob-
tained. When the distance is greater than the 1.5d;, the partial local
packing fraction of large pebbles tends to a constant. However, com-
pared with the maximum of the local packing fraction of mono-sized

pebble bed appeared at the distance to the wall of 0.5d;, the position
of the maximum partial local packing fraction of large pebbles at the
maximum packing efficiency state is shifted due to the effect of small
pebble packing. With the increase of the SR, the maximum partial
local packing fraction gradually approach to the fixed wall. Such as,
when the SR =3, the maximum of partial local packing fraction of
large pebbles appears at the position about 0.75d; away from the side
fixed wall. When the SR increase to 7, the maximum appears at about
0.625d; close to fixed wall.

For the packing of small pebbles in binary-sized pebble mixed bed,
there are several oscillation peaks which decrease rapidly when the dis-
tance to the fixed wall gradually approach to 1d;. The number of the os-
cillation peaks gradually increases as the SR increases. When SR = 3, 5
and 7, the numbers of the oscillation peaks of partial local packing frac-
tions of small pebbles are equal to 2, 4 and 6, respectively. In addition,
when the SR = 1d;, a maximal value of partial local packing fraction
of small pebbles appears, on the contrary, the partial local packing frac-
tion of large pebbles has a minimal value. With the further increase of
the distance to fixed wall, the opposite variation tendency of the partial
local packing fraction of large pebble and small pebble can be observed,
as shown in Fig. 7, which further verifies that the small pebbles are fully
filled in the gaps formed between large pebble at the maximum packing
efficiency state. The packing state of entire pebble bed combines the
packing characteristics of large pebble and small pebble. The local
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Fig. 8. Radial distribution functions for mono-sized pebbles bed: (a) RDFs, (b) organization (color online).

packing fraction of binary-sized pebble mixed bed is dominated by the
partial local packing structures of small pebble and large pebble at the
maximum packing efficiency state.

3.2. Effects of pebble size ratio on radial distribution function

Radial distribution function (RDF) is another parameter commonly
used to give a well explanation of inner packing structure of pebble
bed as it can reveal the useful information about the inter-pebbles
radial correlations therein. In other words, The RDF can provide how
the density of pebble number varies as a function of the distance r to a
given pebbles, which is defined as the probability of discovering one
pebble center at a provided distance from the center of a given pebbles
[65-67], expressed as g(r) and given by g(r) = AN(r)/(4nr’Arpy),
where AN (r) is the number of pebble centers located at the distance

between r and r + Ar from the center of a given pebble and py is the av-
erage density of pebble number in the pebble bed. The RDFs in pebble
beds are obtained by averaging the RDFs of all similar pebbles. Such
as, the RDFs of large pebble are obtained by averaging the RDFs of
large pebbles with same diameter in binary-sized pebble bed. And the
distance r is normalized by small pebble diameter in the binary-sized
pebble bed.

In this work, the RDFs of pebbles in mono-sized pebble beds are com-
pared with the results in literature [65,66] and plotted in Fig. 8a. The
RDFs show the split-second peaks in mono-sized pebble beds with
fixed wall boundary and periodic boundary, which are agreement well
with the previous results reported in Ref. [65, 66]. The boundary condi-
tions almost have no influence on the RDFs. For mono-sized pebble beds,
the RDF has been well established [67]. For the random close packing of
mono-sized random packed pebble bed, the RDFs displayed a sharp peak

Fig. 9. Radial distribution functions for binary-sized pebble bed with SR = 3 (color online).

512



Y. Feng, B. Gong, H. Cheng et al.

Powder Technology 390 (2021) 504-520

Fig. 10. Radial distribution functions for binary-sized pebble bed with SR = 5 (color online).

at the distance of r/d = 1, which is caused by the surrounding pebbles in
direct contact. The relatively smaller peaks appeared at the distances to a
referenced center pebbles of 1.73, 2 and 2.61 pebble diameters. The dis-

tances of the second peak from the centered pebble are v/3 pebble

diameter, the third and the fourth peaks appeared at the distance of
r/d = 2 and 3+/3/2. The RDFs for the mono-sized pebble beds reveals
the organization structures of pebble arrangements [67], as shown
in Fig. 8b.

Fig. 11. Radial distribution functions for binary-sized pebble bed with SR = 7 (color online).
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For the binary-sized particle mixed bed, Dong et al. [59] investigated
the granular crystallization of the 2D binary packing with the SR in the
range of 1.03-1.3. For the smaller pebble size of 1.06, the packing of 2D
binary particle shows a more ordered packing structures due to at a spe-
cific distance from a target particle a certain number of particles are eas-
ier to be found [59]. The characteristics of the RDF of 2D binary particle
packing are similar to that of the mono-sized pebble bed. Thus, in this
work, the RDFs of binary-sized pebble bed in 3D were calculated further
with greater pebble size ratio of 3-7. The RDFs of the large pebble, small
pebble and whole bed were also compared with that in the mono-sized
pebble bed, as plotted in Figs. 9a, 10a and 11a. The radial distance
was normalized by the diameter of small pebbles (ds = 1 mm). The pres-
ence of the peaks in RDFs indicate the organization structures of the
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binary-sized pebble packing, as shown in Figs. 9, 10 and 11. The gray
pebble is used as the reference pebble. The RDFs and the organization
structures for binary-sized pebble mixed beds are obviously different
and complex compared that of mono-sized pebble bed.

When SR = 3, the RDFs and the organization of large pebble and
small pebble are illustrated in Fig. 9 respectively. For small pebble, the
first and the second peaks appeared at the distance to the reference
small pebble center of 1d and 2d. The first peak represents the small
pebbles touched the reference small pebble. And the second peak was
contributed by the large pebbles in directly contact with the reference
small pebble and the small pebbles at the distance to the referenced
small pebble center of 2d, which were marked by @ in organization in
Fig. 9b. While, for large pebble, it was surround by lots of small pebbles.

Fig. 12. Contact force chains distribution along the local height in the binary-mixed pebble bed.
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So, the first peak in the RDF of large pebble is all contributed by the small
pebbles in direct contact with the reference large pebble. The peak ap-
pears in the distance from the large particle center of 2d, and the
small pebbles are also marked with @ in Fig. 9c. The second peak in
the RDF of large pebbles is caused by both the large particles in direct
contact with the referenced large pebble and the small pebbles with
the distance of 3d, which were marked with @ in Fig. 9c. However,
The RDF of both large and small pebbles showed two distinct peaks,
and the second peak didn't show the splitting characteristics compared
with the RDF of mono-sized pebble bed. This is mainly because the lat-
tice structure of the small particles is greatly distorted due to the pres-
ence of large particles, which affects the uniformity of the packing
structure of the mono-sized pebble bed. For the entire binary-sized
pebble mixed bed, the RDF showed three distinct peaks. As can be
seen from the figure, the RDF of the entire binary-sized pebble bed
can be considered as the combination of the RDFs of large pebble and
the RDF of small pebble.

When SR = 5, the RDFs and the inner organization structures of
the binary-sized pebble bed are shown in Fig. 10. It can be seen
from Fig. 10a that the RDF of the small particles have three peaks at
the distance of the reference small pebble of 1d, 2d and 3d, respec-
tively. The small pebbles in direct contact with the reference small
pebbles result in the first peak, and the second peak was contributed
by the small pebbles at the distance to the reference small pebbles
of 2d. The combination of the small pebbles at the distance to
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referenced small pebble of 3d and the large pebbles in contact with
the reference small pebble result in the appearance of the third
peak. The corresponding organization can be found in Fig. 10b. For
large particles, the first peak is only caused by small pebbles that
are in contact with the reference large pebbles. The RDF of large peb-
ble exhibits a split-second peak, which is mainly contributed by the
surrounding small pebble and the corresponding pebbles are labeled
@ and ® in the organization structures in Fig. 10c.

As can be seen from Fig. 11, when SR = 7, the RDF of small pebbles is
similar to the RDF of mono-sized pebble bed and also shows the split-
second peaks (labeled @ and @) in Fig. 11a.). And the difference from
mono-sized pebble bed is the fifth peak, which is mainly contributed
by the large pebbles in contact with the referenced small pebble. As
the SR increase, the other peaks in the RDF of small pebbles will gradu-
ally coincide with the RDF of the mono-sized pebble bed, and the split-
second peak will be more obvious. This is mainly because small pebbles
are filled in the gaps formed between the large pebbles in binary-sized
pebble bed. With the increase of SR, the number of small pebbles filled
in a single gap is increasing, and the local packing structure of the
small pebble in the gaps will become more and more uniform and will
gradually approach to the packing structure of the mono-sized pebble
bed, and the local lattice distortion that occurs due to the influence of
large particles is gradually reduced. Thus, as the SR increases, the RDF
of the small pebbles will gradually approach the one of mono-sized peb-
ble bed. From the RDF of the large pebbles, it is clearly show that the four

Fig. 13. Position distribution of average contact force along local height (z-axis).
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peaks in the front are mainly contributed by the small pebbles around
the large pebbles. And the fifth peak (marked as ®) is mainly caused
by both the small pebbles with distance of 7d from the reference large
pebble and the large pebbles directly in contact with the reference
large pebble.

In addition, with the increase of the SR, the RDF of the whole binary-
sized pebble bed will gradually converge with the RDF of small pebbles,
which is mainly due to the fact that the RDF of the whole pebble bed is a
combination and an average of the RDF of large pebble and the RDF of
small pebble. As the SR increases, the number of large pebbles in the
unit volume decreases rapidly and the number of small pebbles in-
creases quickly. Thus, the several peaks in the RDF of large pebble
were submerged when averaging.

3.3. Effect of pebble size ratio on contact force distribution

3.3.1. Contact force distribution along height

The contact force at each contact point can be obtained in the dis-
crete element method simulation, which provides an opportunity to ex-
plore and analyze the contact force distribution in the inner region of
binary-sized pebble bed. In this study, the packing of dry pebbles in pris-
matic containers were modeled and analyzed. The contact force and the
gravity were applied in the simulation. The gravity is along the negative
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z-axis. In the pebble bed, if we use a cylinder to connect two contacted
pebble centers and use cylinder diameter and color to represent the
contact force magnitude, a network of contact force chains will be
formed. The force chains play an important role in the pebble packing.
The net-shaped framework of the contact force chains keeps the stabil-
ity of pebble packing and supports the gravity and the external load. The
contact force chains distribution in binary-sized pebble bed with differ-
ent size ratio are shown in Fig. 12. In order to clearly exhibit the strong
contact force inside the binary-sized pebble mixed bed, the majority of
the weak contact forces have been made transparent. It can be clearly
found that the magnitude of the strong contact force gradually de-
creases along the local heights due to the effect of gravity force. The
strong contact force is generally distributed in the lower region of the
bed. While, the weak contact force chain runs through the entire
binary-sized pebble bed.

In addition, in order to further analyze the contact force, the local av-
eraged contact force along local height is shown in Fig. 13, which was
obtained by calculating the average value in a micro volume with a
step of 0.5ds height at various local height in the pebble bed. The results
in Fig. 13 show that the averaged normalized contact force inside the
pebble bed is gradually decreasing with the increase of local height in
pebble bed. Close to the bottom wall, the averaged normalized contact
force reaches the maximum and always changes around 2 in all of

Fig. 14. Position distribution of average contact force along horizontal direction (x/y-axis).
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binary-sized pebble bed. The pebble size ratio and fixed wall seems to
have no effect on the averaged normalized contact force near the bot-
tom wall. It is because the friction interaction between pebble and
wall and between pebbles can carry part of the gravity force of pebble
in the pebble bed. In addition, as shown in Fig. 14, the averaged normal-
ized contact force is always distributed evenly along the horizontal di-
rection due to the relatively isotropic and uniform structures. The
fixed wall and the pebble size ratio have few influences on the position
distribution of averaged normalized contact force along both the verti-
cal and the horizontal direction.

3.3.2. Probability distribution of contact force

The probability distribution of the normalized contact force in the
binary-sized pebble mixed beds were plotted in Fig. 15. It is clearly
show that the boundary conditions have little influence on the prob-
ability distribution of contact force in both mono-sized pebble beds
and binary-sized pebble mixed beds. When SR = 1, the pebble bed
can be considered as mono-sized pebble bed. For validation, the
probability distributions of contact force in the mono-sized pebble
bed are shown in Fig. 15a and compared with the Ngan's Model
[68]. The results in this study are clearly consistent with those of
the Ngan's Model [68]. The probability density of contact force de-
creases rapidly with the increase of contact force. Most of the contact
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forces are smaller than the average contact force (i.e., normalized
contact force = 1), and only a small amount of contact forces is
much greater than the average contact force, which are in line with
the results of contact force chain distribution in Fig. 12. For binary-
sized pebble mixed bed, the probability density distributions of the
normalized contact force are shown in Fig. 15b-d. The results in
Fig. 15 indicate that the probability density of strong contact force
in binary-sized pebble mixed bed is greater than that in mono-
sized pebble bed owing to contact between large pebble and small
pebble and between large pebbles. With the increase of the SR, the
pebbles below the large pebbles need greater contact force to carry
the gravity of the pebbles above.

In addition, the probability density distribution of binary-sized peb-
ble bed with different pebble size ratio at the maximum packing effi-
ciency state is shown in Fig. 16a and compared that of mono-sized
pebble bed. In order to clearly show that difference of probability den-
sity distribution in different contact force ranges, the probability density
distribution in Fig. 16a was enlarged according to different contact
force ranges, which are rescaled the y-axis to clearly display and
shown in Fig. 16b, c and d corresponding to the regions (1), (2) and
(3) in Fig. 16a. Fig. 16b shows the probability density of the weak
force which is smaller than the average contact force. It can be seen
from the figure that when the contact force is less than 0.15, the

Fig. 15. Effects of pebble size ratio and boundary condition on the probability density distribution of contact force.
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Fig. 16. Effect of pebble size ratio on the probability density distributions of all contact force.

probability density of contact force in the binary-sized pebble mixed
bed is significantly higher than that in the mono-sized pebble bed and
decreases with the increase of the pebble size ratio. It might because
at the maximum packing efficiency state, the small pebbles are fully
filled in the void space between the large pebbles, the gravity and exter-
nal load in the pebble bed are mainly carried by the strong contact force
between the large pebbles. Thus, most of the contact forces between the
small particles are smaller weak contact force. However, when the nor-
malized contact force is greater than 0.2, an opposite variation tendency
is observed. That is to say, the probability density of contact force of
mono-sized pebble bed is greater than that of binary-sized pebble bed.
With the increase of particle size ratio, the probability density of contact
force of binary-sized pebble bed increases, and a similar change is ob-
served from Fig. 16c. The difference might be attributed to the contact
mode in binary-sized pebble bed. For example, the contact forces in
binary-sized pebble bed are formed by small-small pebble contact,
small-large pebble contact and large-large pebble contact. A relatively
strong contact force is always obtained by large-large contact and
small-large contact. A relative weak contact force exists in the contact
between small pebbles. When the normalized contact force is larger
than 10, there is almost no normalized contact force greater than 10 in
the mono-sized pebble bed. However, in the binary-sized pebble
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mixed bed, there are many super strong contact forces, which are very
important for analyzing the crushing characteristics of the pebbles in
the binary-sized pebble mixed bed. Moreover, with the increase of peb-
ble size ratio, the maximum contact force inside binary-sized pebble
bed increases gradually, but the probability density of super strong con-
tact force decreases gradually, which is mainly due to the decrease of
the number of large pebbles.

In general, there are several contacts for each individual pebble in
the binary-sized pebble bed, which will result in several contact force
of every pebble. For each individual pebble, the maximum contact
force is very important due to that if the maximum contact force is
greater than the crush load, the pebble might break or crack [69,70].
Therefore, the maximum contact force of each pebble was analyzed in
this study. The probability density distributions of the maximum con-
tact force of each pebble in binary pebble bed with different pebble
size ratio are shown in Fig. 17a. Similarly, in order to clearly display
the probability density of different ranges of contact force, the regions
(1), (2) and (3) in Fig. 17a are enlarged and shown in Fig. 17b, c and
d, respectively. It can be seen from the results that even if the maximum
contact force of each pebble in the binary-sized pebble bed, most of the
contact force is still smaller than the average contact force, that is to say,
most of the pebbles in the pebble bed will not be broken under the
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Fig. 17. Effect of pebble size ratio on the probability density distributions of maximum contact force of each pebble.

natural packing of gravity. In addition, compared with the probability
density distribution of all contact force, the probability density of the
maximum contact force of each pebble, which is less than the average
contact force, is reduced. While, for the probability density of the max-
imum contact force of each pebble, the probability density increases
compared with that of all contact force when the normalized contact
force is greater than 10, which further indicates that pebbles with
super strong contact force are likely to break up in the binary-sized
pebble bed, especially when the contact force exceed the crush load of
pebbles in pebble bed suffering the external load.

4. Conclusion

At the maximum packing efficiency state, the packing structures and
the contact force distributions of binary-sized pebble beds with fixed
wall and periodic boundary were investigated by the DEM simulation.
The evolution of the distribution of packing fraction and porosity, radial
distribution function and the contact force were analyzed. The effect of
the fixed wall and pebble size ratio on the porosity distribution were
discussed in detail. In addition, the influence of the pebble size ratio
on the radial distribution function and the contact force were also
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studied. From the results gained in this study, it is clearly and obviously
show that the boundary condition (fixed wall and periodic boundary)
has a great effect on the local porosity distribution in binary-sized
pebble bed. Fixed wall will result a relative higher average porosity
and an obvious wall effect in local porosity distribution. Compared
with the mono-sized pebble bed, the volume fraction of wall affected
region is reduced obviously by using the binary-sized pebble packing
with larger pebble size ratio. Furthermore, the fixed wall has little effect
on the radial distribution function and contact force. However, the radial
distribution function and the contact force distribution in binary-sized
pebble bed are significantly affected by pebble size ratios. With the
increase of SR, the RDFs of the whole pebble beds are consistent
with the RDFs of small pebbles, and they also approach to the RDFs
of mono-sized pebble bed. In addition, with the increase of the pebble
size ratio, a higher contact force can be obtained in binary-sized
pebble beds.
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