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Abstract

This work is a contribution to the comprehension of the particle upscaling effect on DEM simulation of cylindrical silos. Three silo
models have been simulated with different hopper outlets and inclination angles. Huge calculations of 11 simulation series with
a different scaling factor are considered for every model. Pressures applied on silo walls remain quite identical with particle upscaling.
Besides, their curves are in agreement with Eurocode standard. The computing time is significantly reduced as well as the number of
particles, where the simulation speed is increased up to 12 times by just scaling particle radius two times. The total bulk density was

not affected by particle escalation and its value remains unchanged.
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1 Introduction
Discrete element method (DEM) is a part of the numeri-
cal methods family that allowed to simulate the motion of
a large number of particles. This method is based essen-
tially on Newton's second law of motion to simulate individ-
ually each particle of the system. At a given time step, this
method is checking the position of every particle, in order
to detect particle-to-particle and particle-to-wall contacts.
The contact is determined if there is an overlap between
elements. Depending on the amount of overlap, the impact
force is calculated, which determines the new velocity and
direction of the particle. The incremental time step has to
be small enough to avoid problems such as excessive par-
ticle overlapping, high particle velocities, or large contact
forces. Time step in DEM simulations is usually calculated
as a fraction of the critical Rayleigh's time, with frequent
values in the range of 10%~40% of Rayleigh's time step [1].
Today, DEM is well recognized as an approved method
and a very effective tool for solving engineering problems
in granular materials, especially particles flow [2—6]. Silos
are widely used structures to storage various granular
materials, which have complex behavior that is commonly
simulated by using DEM [7, 8]. Unfortunately, this method
has limitations due to the computing power where some

cases require a non-reasonable calculation time. Even
with advanced technologies, such as parallel processing
and Graphics Processing Units (GPUs), the simulation
of a large number of particles in full-scale applications
is still impossible. Computational time greatly increases
with irregular particle shapes, particle stiffness [4], and
especially large containers with a high number of parti-
cles. Because of this problem, many alternative proce-
dures have been used to reduce the real computational
time required by a DEM model, e.g., the use of 2D models
instead of real 3D simulations [9], periodic boundary con-
ditions applied to simulate only a slice of the silo [10], or
using small container dimensions [6]. Some other simpli-
fications are based on particle shape and properties. The
multi-spheres method is used to model a complex particle
in order to obtain an approximate equivalent volume and
shape. The reduction of the number of spheres leads to
reduce the calculation time [11]. By reducing the Young
modulus, the critical time step reduces as well [12], which
is one of the targeted criteria for less computing time.
The reduction in the number of particles considered in
the simulation would be the most effective procedure to
decrease the computing time required to analyze a large silo.
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For this purpose, several approaches have been cre-
ated based on scaling up the size of particles. The "Exact
Scaling" [13, 14] is the most accurate scaling approach but
it doesn't help to reduce the computing time or the num-
ber of particles. Its aim is to simulate the same behavior
of the original problem in larger or smaller size by scal-
ing the particle size and the geometry dimensions with the
same factor. Another approach called "Scalping" or "Cut
off" [15], provides for scaling the particle size in a spe-
cific region with keeping the same geometry dimensions,
the finer particles in the selected region are replaced by
bigger particles. The "Coarse-Graining" or "Upscaling" is
the most effective approach to reduce the computing time
by scaling up the size of all particles while maintaining
the same geometry and domain dimensions [16—-22]. The
bigger size leads to reduce the total number of particles,
also this technique helps to increase the critical time step.
The effects of this approach have been studied by many
authors and their results are conflicting and not conclusive.
Grima and Wypych [23] have simulated a belt conveyor
and the impact force on a flat plate. The results show that
scaling the particle size by 23% has no significant influ-
ence on the impact force. However, by using a scale factor
of 2 to 3 the result is not consistent between the simulations
and the impact force is greatly deviating. Also, they found
that the modification of the contact stiffness and the coeffi-
cient of restitution are negligible. Xie et al. [24] have stud-
ied the particle size effect on the behavior of granular flow
transportation in conveyor transfer by changing the diame-
ter scale and keeping the other parameters as the unscaled
case. They found that the flow behavior did not influence
by a scaling factor of 2 but the impact force is higher than
the experimental results. Achmus and Abdel-Rahman [25]
found a remarkable particle scale effect and a new cali-
bration must be performed if the scaling factor has been
changed. By scaling the particle size, the density is con-
served and the scaled model should have the same energy
as the unscaled model [26]. According to [18], by keeping
the same Young's modulus, the contact stiffness and damp-
ing of the coarse model are the same as the original model.
Roessler and Katterfeld [22] have discussed the scalabil-
ity of the angle of repose test using a lifting cylinder, they
concluded that the cylinder diameter does not influence
the angle of repose. Also, by scaling both particle size and
cylinder size, the coefficient of friction is the same as the
original and there is no significant effect on the angle of
repose result. They recommended using the friction coef-
ficient obtained from the unscaled particle for the scaled

particle in the industrial simulation. Coetzee [17] has suc-
cessfully calibrated upscaled particles and he concluded
that the hopper discharge rate and the velocity field can be
accurately predicted by using a scale factor of 1.3 with an
error of less than 10%. Weinhart et al. [27] investigate the
influence of coarse-graining and micro-macro transition,
they show that this technique provides meaningful results.

The effects of particle upscaling without changing its
parameters or shape are investigated in this paper as a con-
tribution for more understanding of this technique, espe-
cially for the cylindrical silos with different hopper types
and flow patterns. The results are obtained for three differ-
ent silo models, every model has a different hopper incli-
nation or outlet size. Particle upscaling is applied by scale
the radius with a factor up to 3.0 with an increment of
0.2 (11 different scales including the unscaled model). The
aim is to conclude these effects on the pressures exerted
over the silo walls by taking into account the hopper type.

2 Materials and methods

The research work accomplished in this paper was the
comparison of results obtained with DEM simulations for
filling and emptying of a cylindrical silo when using the
unscaled models, with other simulations made by using
the upscaling technique. The size of particles considered
in all simulations is calculated by using a scale factor
varying from 1.0 to 3.0.

2.1 Discrete Element Method

DEM is mainly based on an approximate solution of
motion equation by assuming that the velocity and the
acceleration are constant during the time step. Particles
are mostly rigid in some fields, whereas in others, such
as rock mechanics, deformable elements are used. The
deformation can be determined through the amount of the
overlap between the particles in contact. The interaction
between particles determines the resultant forces on each
particle. The new velocity and acceleration are obtained
by applying Newton's second law of motion. The new
equation of motion is numerically integrated to obtain dis-
placement and a new position. This process repeats every
time step for each particle in the system [28].

2.1.1 Time step

The amount of time between iterations is defined as "Time
Step", which is typically chosen as a percentage of the
Raleigh Time Step. Higher particle energy in the system
(appears as higher forces and faster collisions) requires



a lower time-step value. The small time step significantly
increases the computational time with more details of the
results. Conversely, a large time step reduces computa-
tional time but may cause particles to behave erratically [1].

2.1.2 Time integration scheme

Solving the equation of motion is the most important part
of DEM simulation. The time integration scheme used to
solve this equation is the key to numerical stability.

Time integration methods can be broadly classified into
two categories, implicit and explicit methods. Choosing
one of them is based on their computational characteris-
tics, stability, and accuracy. The appropriate integration
scheme allows choosing larger time steps. In this case, the
simulations can be significantly speed up. Implicit meth-
ods usually solve nonlinear equations that require a series
of iterations at each time step resulting in much more com-
puting time compared to explicit methods. However, these
methods can unconditionally reach stability in linear anal-
ysis with high precision. On the other hand, the explicit
methods solve the equations directly after one iteration.
The computational effort per time step is low in this case
but the stability criteria should be achieved. Thus, a small
time step is required [29].

2.1.3 Contact parameters

Contact parameters used in the present work are three
coefficients: restitution, static friction, and rolling fric-
tion. Restitution coefficient is the ratio between the ini-
tial relative velocity (before collision) and rebound relative
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velocity (after collision). The normal range is between 0
and 1 where a value of 0 is a perfectly inelastic collision
while a value of 1 indicates a perfectly elastic collision.
The ratio of the static friction force to the normal force is
defined as the static friction coefficient. The coefficient of
rolling friction represents the amount of torque required
to transmit motion to an object resting on a flat surface.
It is defined as the ratio of the rolling friction force (rolling
resistance) to the normal force [30].

2.2 Silo geometry

In order to compare the effect of particles escalation on
different hopper types and outlet sizes, we used three
silo models, model A, model B, and model C (Fig. 1). All
models have a cylindrical shape with the same bin dimen-
sions, which are 200 mm for the diameter, and 250 mm for
the bin height, thus showing an aspect ratio 4 /d = 1.25.
According to EN 1991-4, all models are classified as an
intermediate slenderness silo. Model A and model B have
the same hopper height (100 mm), whereas different out-
let diameters are used (80 mm and 60 mm, respectively).
Similar to model B, an outlet diameter of 60 mm is used
for model C, while the hopper height is different (50 mm).
Model A and model B would have a steep hopper type,
while model C has a shallow hopper [31].

2.3 Material

All simulations are performed by using dry wheat mate-
rial. The multi-sphere method is used to simulate the par-
ticle shape with three spheres as an approximation of the
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Fig. 1 Dimensions of the three silo models used in the simulation



656 Houhamdi et al.
Period. Polytech. Civ. Eng., 66(2), pp. 653-669, 2022

(-27.498, 15.0012, 14.9966)

27.502, 15.0012, 14.9966)

27.502, -14.9988, -15.0034)

3 mm

5,5 mm

Fig. 2 Particle shape and dimensions

real grain shape (shown in Fig. 2). The distance between
every sphere center is 1.5 mm, while they have diameters
of 2.5 mm, 3.0 mm, and 2.5 mm, respectively [32]. The
shape of particles used can influence on many aspects of
the friction effects between the material and walls, or the
mass flow rate, and could be further considered in addi-
tional research. However, the authors have limited in this
paper to the shape.

Table 1 shows the mechanical properties of the wheat
particle, whose values were adopted from [33]. In addition,
the usually employed mechanical properties for steel are
defined in Table 1. The Hertz-Mindlin contact model was
considered for particle-to-particle and particle-to-wall con-
tacts, assuming viscous damping in the normal and tan-
gential directions, and frictional damping in the tangential
direction. The simulation of this contact model requires the
definition of three parameters of interaction between wheat
particles and silo steel walls: the coefficient of restitution
G, the coefficient of static friction x, and the coefficient of
rolling friction f, whose values can be found in Table 1 [33].

2.4 Simulation process

EDEM Academic 2018.2 [1] is used to perform all simula-
tions. The simulation process is divided into three phases,
the filling phase, the rest phase, and the emptying phase.

Table 1 Mechanical parameters used in the DEM models

Parameter Wheat Steel
Poisson ration v 0.4 0.3
Density p (kg/m?) 1430 7500
Shear modulus G (Pa) 3.58 x 108 8 x 10
Wheat: 0.5 Wheat: 0.6
Coefficient of restitution G,
Steel: 0.6 /
Wheat: 0.3 Wheat: 0.25
Coefficient of static friction ¢
0 Steel: 0.25 /
Wheat: 0.01 Wheat: 0.01
Coefficient of rolling friction f°
Steel: 0.01 /

For the first phase, the progressive filling method is used
with a cylindrical particles generator situated at the top
center of the silo, where it is considered as a central filling.
Without initial velocity, all particles are generated in ran-
dom positions and orientations inside the generator, tak-
ing into consideration 2 kg/sec as particle generation rate.
The generated particles started falling under gravity force
until the silo was filled (Fig. 3). Once the silo is completely
filled, the particle generator is removed and the simula-
tion has continued until the static state is reached (the rest
phase), which is assumed to occur when the kinetic energy
at that moment is constant with a negligible value (varying
depending on the model, but lower than le-8 in all mod-
els) and the coordination number and number of contacts
remain constant. The emptying of the silo is the final phase,
which starts by removing the outlet surface allowing parti-
cles to flow out of the silo until it was completely emptied.

The non-spherical shape of the adopted particle makes
the comparison of models difficult when scaling the par-
ticle size. Because of this, the equivalent radius, Req, was
calculated as the radius of a "virtual" spherical particle
whose volume, ¥, would be the same as the simulated par-
ticle (Eq. (1)). Thus, the previously simulated wheat parti-
cle has a total volume of 24.88 mm?, then resulting in an
equivalent radius of 1.81 mm. The radius scaling factor,
Jp 1s defined as the ratio between the equivalent radius,
which corresponds to the scaled particle, RW, and the
equivalent radius obtained for the original simulated par-
ticle size, Req’o (Eq. (2)). It is obvious that the value corre-
sponding to Reqw0 can be found in Table 2 for a radius scal-
ing factor equals 1.0.

For more understanding of particle upscaling effect on
the results, 11 radius scale factors f, are considered, start-
ing from 1.0, which corresponds to the real size, until f,
of 3.0 with incremental steps of 0.2. The particle scaling
factor was limited to this maximum value in order to avoid
the appearance of blockages at outlet during the emptying



Velocity (m/s)
0.10

0.08

0.06

0.04

0.02

0.00

Houhamdi et al. | 657
Period. Polytech. Civ. Eng., 66(2), pp. 653-669, 2022

End of filling Static state
\ Y V. Y N Y J
Filling phase Rest phase Emptying phase
T. = Emptying time

Fig. 3 Progressive filling and emptying of the silo

Table 2 Parameters affected by radius escalation
/,: Radius scaling factor 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
R, equivalent radius of the particle (mm) 1.81 2.17 2.54 2.90 3.26 3.62 3.98 435 4.71 5.07 5.43
o,/D,) D =80mm  22.09 184l 1578  13.81 12.27  11.04  10.04 9.20 8.50 7.89 7.36

D, =60 mm 16.57  13.81 11.83 10.35 9.20 8.28 7.53 6.90 6.37 5.92 5.52

V: volume of particle (mm?) 2488 4299 6826 101.89 14508 199.01 264.89 3439 43723 546.09 671.67
m: mass of particle (kg x 107°) 0.0356 0.0615 0.0976 0.1457 0.2075 0.2846 0.3788 0.4918 0.6252 0.7809 0.9605
Rayleigh's time step (s x 10-%) 8.333 10 11.666  13.333 15 16.666  18.333 20 21.666 23.333 25

phase. Particle escalation directly affects several proper-
ties such as particle volume, mass, equivalent radius (Req),
and Rayleigh's time (Table 2).

R, =2 i_V )
T
R
_ eq,s 2
f= g @

Particle escalation was performed by multiplying each
sphere radius, as well as the distance between the spheres,
by the scaling factor considered (all length dimensions
are scaled in direct proportion to the scale factor). For the
scaled particle, the original volume and mass are multi-
plied by the cube of the radius scale factor (or by the vol-
ume scale factor). In this case, the volume and the total
mass are conserved, since the scaled particle has the

same volume and mass as its representative group of the
unscaled particles. The moment of inertia is also corrected
based on the scaled particle model.

In addition, the ratio between the outlet diameter, D ,
and the equivalent diameter of the scaled particle, D, , was
obtained for each simulation (Table 2). The time step used
in the simulations is 30% of Rayleigh's time with a sav-
ing interval of 0.01 s. This Rayleigh's time was selected
because of the low overall energy in the system and the
reduced velocities that most of the particles exhibited
during the simulation. So, the adopted time step would
reduce the number of iterations required per second, then
reducing the total computational time required. This is
especially important for those models having the largest
number of particles. However, the time step considered
in the simulations was always lower than 10-°, and it was
checked that results had an adequate stability.
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2.5 Method of obtaining pressures

The vertical distributions of normal, (Pr), and tangential
pressures, (Pf), are one of the main results studied in the
present work. The silo bin mesh is vertically divided into
11 areas to get more accurate results. Every area (4v) has
a height of 25 mm except the two areas above the tran-
sition zone where their height is 12.5 mm. The vertical
divisions of hopper mesh are 10 for models A and B with
a height of 10 mm for each area, while the hopper of model
C has 8 divisions of 6.25 mm height for each. The radial
divisions are 24 for all models where every division (4r)
contains a pair of triangular mesh areas (Fig. 4).

The pressures were evaluated using the vector of total
forces that act on every radial mesh area Ar, where the
forces are generated with every contact between parti-
cles and silo walls. The normal force Fn,, and tangential
force Ft,; are the projections of force vector components
on radial area number j from vertical area number i (AriJ),
in normal and tangential directions, respectively. Fn, is
the sum of normal forces applied to radial areas of the
vertical area i (Eq. (3)), as well as F7, which is the sum of
tangential forces applied to the same radial areas (Eq. (4)).
The normal and tangential pressures exerted on every ver-
tical area i were evaluated as the maximum values over
time, which are obtained using Eq. (5) and Eq. (6), respec-
tively, for filling and emptying cases. The mobilized fric-
tion obtained by DEM, u ..., is the ratio of tangential
pressure on normal pressure (Eq. (7)). In this work, the
distribution of mobilized friction along the silo height was
evaluated as the maximum value over time in every verti-
cal area 7 for both filling and emptying phases.

Vertical area Av,,

Radial areas Ar

Vertical area Av;,,

Vertical area Av;
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Vertical area Av,
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Fig. 4 Vertical divisions of silos mesh
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3 Results and discussions
3.1 Effect on simulation time
Time step and particles number are the two main param-
eters that have a significant influence on the total com-
puting time. The time step is fixed as 30% of Rayleigh's
time, which is changing with particle radius as shown in
Table 2. The volume scale factor, £, has been defined as
the ratio between the volume of the scaled particle (V)
and the original particle volume (V) (Eq. (8)). The total
number of scaled particles (NP) decreases as the volume
scale factor (f)) increases according to Eq. (9), where N,
represents the number of particles generated for each silo
model when using the unscaled particle. Table 3 shows
particles numbers after escalation and their rates on parti-
cles number of real scale (f, = 1.0).

Particles number has been reduced by more than 40%
just by using a radius scale factor of 1.2. When f,, of 2.0
is used, the N, reaches 12.5% of the real scale particles

Model C



Table 3 Particles number for different f, % and f ,

Model A Model B Model C
Jr Iy N Rate N Rate N Rate
’ (%) v (%0) v (%)
1.0 1.00 235916 100 232925 100 213482 100
1.2 1.73 136567 57.89 134834 57.89 123568 57.88

1.4 274 86011  36.46 84928 36.46 77754  36.42
1.6 410 57619 2442 56908 2443 52136 2442
1.8 583 40472 1716 39970 17.16 36613  17.15
20 800 29505 12.51 29146  12.51 26690  12.50
22 1065 22167 9.40 21892 9.40 20056  9.39
24 1382 17073 7.24 16862 7.24 15450 7.24
2.6 1758 13426 5.69 13259 5.69 12146 5.69
2.8 2195 10752 4.56 10617 4.56 9722 4.55
3.0 27.00 8735 3.70 8632 3.71 7908 3.70

number and about 3.7% by using f,, of 3.0. The reduction
of particles can be predicted by following Eq. (9), where it
is valid for all three models.

v,

Jr= 70 =z ®)
N, = Yo ©)
Jv

The simulation time is affected by particles number
reduction. Fig. 5 represents the relationship between the
simulation speed factor, f, and f, or f,. The factor f{ is
defined as the ratio of the simulation time with f, = 1.0,
on the simulation time of other f,, where all simulations
are performed on a computing machine with CPU Intel
Core 17-7700 (3.60 GHz) and 16 GB of RAM. As shown in
Fig. 5(a), f; has a cubic relationship with f,, while, with f,
it is linear (Fig. 5(b)). The speed of simulation is increased
two times by using f,, of 1.2, where the computing time of
the emptying phase has reduced from around 194 hours
(f, = 1.0) to around 97 hours (f, = 1.2). A reduction of 12
times has occurred with f, of 2.0 (around 16 hours), and
more than 43 times (around 4.5 hours) when f, of 3.0 is
used. We can deduce the formula of this relationship by
using linear regression as shown in Eq. (10), with a coef-
ficient of determination R? = 0.9988. This relationship is
in agreement with the other researchers such as [17], who
found that the computing time is decreasing by following
a power law and this reduction is not only because of the
particles number reduction but also due to the augmenta-
tion of the time step.

fo=1.64x f, —0.64=1.64x f, —0.64 (10)
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3.2 Bulk density

The bulk density was calculated at the static state moment
before the emptying phase, by dividing the total mass of
particles inside the silo on silo volume that occupied by
these particles. At the same moment, we have calculated
the variation of bulk density along with silo height by using
vertical partitions of 50 mm for each height. Fig. 6 rep-
resents the density of bulk material (p,) inside the silo at the
moment of the static state as a function of /. All values are
roughly equal with slight augmentation from 849.5 kg/m?
for real scale until 854.9 kg/m’ for f, of 2.0. From f, of 2.0
to 3.0, the bulk density almost has the same value (about
854 kg/m?) except the last one with a value of 852.5 kg/m?®.

50
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Simulation speed factor

0
10 1.2 14 16 1.8 2.0 2.2 24 26 2.8 3.0

fy
@)

50

40

30

20

10

Simulation speed factor

1 4 7 10 13 16 19 22 25 28

fy
(b)

Fig. 5 Simulation speed factor as a function of /, and f,,
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Fig. 6 Bulk density p, as a function of f,



660 Houhamdi et al.
Period. Polytech. Civ. Eng., 66(2), pp. 653-669, 2022

The maximum difference of bulk density for all f, is
5.5 kg/m?, which represents only 0.65% of the difference
with respect to the reference value. On the other hand,
the minimum value is 849.5 kg/m?® and the maximum is
854.9 kg/m’.

The bulk density is changing over height as shown in
Fig. 7, which represents the distribution of bulk den-
sity along with silo height. This distribution is evaluated
by using 5 vertical divisions of the volume for the bin of
the silo. Two divisions are used for the hopper of mod-
els A and B while only one division is used for the hoper
of model C. Particle upscaling has a slight effect on the
distribution of density along with the silo height. The big
size of particles compared to the container volume reduces
the measurement precision, which appears as oscilla-
tions of values as shown in Fig. 7. This effect is similar
for the three models where the only difference is the hop-
per size. The density value at the hopper bottom is clearly
influenced by f,, it decreases by augmenting the scale fac-
tor f,. The small volume of the hopper near the outlet is
the common thing that makes this effect appears clearly
at that level of the silo. Owing to the short hopper height
of model C, it has only one division to evaluate the den-
sity. Therefore, the effect of density reduction appears on
the entire hopper zone. Density distribution is influenced
by the distance between the center of particles that deter-
mines their position. The big distance between particles
positions leads to assign some of them to a certain volume

(the virtual containers that are used to calculate the den-
sity for every height), meanwhile, they have a part of them
belongs to another volume. This makes the flutters appear in
the curve of the density distribution over height with higher
/- Hopper type doesn't influence the distribution of density,
where the volume size comparing to particles size is the
only parameter that influences the precision of calculation.

3.3 Pressures
The design of silo walls is based on extreme cases, which
are the maximum possible pressures applied on the walls.
Therefore, the distribution of pressures and mobilized fric-
tion of the three models are represented for the time that
corresponds to the maximum values as shown in Figs. 8—10.
For the filling, the represented values are obtained for the
end of the case that has the extreme values. On the other
hand, the beginning of the emptying is the time that cor-
responds to the represented values of this case. During
the emptying, we have noticed that there is one case of
a remarkable arching for model B with the scale factor of
3.0, and it lasted for 0.3 seconds. Otherwise, all emptying
processes were stable and no arching effect was observed.
All models have the same typical curve of pressure
for both cases, filling and emptying, where it grows by
moving downward and it reaches the bin maximum pres-
sure at the bottom as expected. A small reduction in pres-
sure can be seen just above the transition before getting
the peak value at the top of the hopper. This trend agrees

Model A Model B Model C
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£ o005
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-0.1
-0.15
800 820 840 860 880 900 800 820 840 860 880 900 800 820 840 860 880 900
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—e—fz=1.0 fr=1.2 fr=1.4 fa=1.6 ~ —m— fz=1.8
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Fig. 7 Distribution of bulk density p, over silo height
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Fig. 8 Pressure distribution and mobilized friction during filling and emptying phases of model A

with simulations made by other authors [7, 11, 34], also
with the experiment results [35]. The particles exerted on
the inclined hopper apply an inclined reaction on the par-
ticles of the bin just above the transition. This inclined
reaction is divided into two components, the vertical com-
ponent that makes the vertical equilibrium, and the hori-
zontal component (towards the center of the silo), which is
against the normal pressure. By going down over the hop-
per wall, the pressure starts reducing until reaching the
minimum value at the outlet level.

The European standard [31], EC, is represented by the
black continuous line for the normal and tangential pres-
sure of both cases, filling and emptying. EC results are
slightly greater than the DEM simulation results at the
bin wall, where the maximum values are 0.99 kPa and

0.22 kPa for the normal and tangential pressures, respec-
tively of all models for the filling case. For the emptying
case, the bin wall has greater maximum pressure than the
filling case for all models, which are 1.21 kPa and 0.24 kPa
for the normal and tangential pressures, respectively. The
hopper has greater EC filling values than the simulation at
the bottom, while the transition zone, which is the critical
area with the peak values, has very close values to the sim-
ulation results. Hopper pressures of the emptying case are
roughly equal to the simulation.

During the emptying phase, the values of pressures
applied to the bin wall are slightly greater than the filling
as expected [35]. On the other hand, the hopper experi-
ences a significant increase compared to the filling. The
particle upscaling almost has no effect on pressure values.
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Fig. 9 Pressure distribution and mobilized friction during filling and emptying phases of model B

However, some slight changes have been noticed, where
the curves become more flutter by augmenting the scale
factor, especially during the filling phase. The hopper
curve has more and larger flutters than the curve of the
bin. This refers to the mesh size comparing to the size of
the particle, where the bin mesh is coarser than the mesh
of the hopper (Fig. 4). In addition, the tangential pressure
of the filling case has zero values on a certain height at
the top of the silo bin, and that height expands as the f,
increases. These two phenomena are not noticeable during
the emptying phase because of the movement of particles
downward, which makes a smooth contact with the wall
and a smooth pressure curve.

All variations of emptying peak values of all models
with all £, values are lower than the EC values, except for
model C with f, = 2.60 that is slightly higher than the EC
value. The normal pressure has peak values of 2.26 kPa,
2.27 kPa, and 2.34 kPa for the filling case of models A, B,
and C, respectively, and 5.53 kPa, 5.68 kPa, and 6.24 kPa
for the emptying case. Tangential pressures of filling are
0.51 kPa, for models A and B, and 0.42 kPa for model C,
while the emptying case has values of 1.24 kPa, 1.28 kPa,
and 1.13 kPa for models A, B and C, respectively.

Fig. 11 represents the peak values at the transition zone
as a function of f, for the three models. Fig. 11(a)—(b)
are obtained by using the fine mesh represented in Fig. 4
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Fig. 10 Pressure distribution and mobilized friction during filling and emptying phases of model C

for filling (Fig. 11(a)) and emptying (Fig. 11(b)), while
Fig. 11(c) and Fig. 11(d) represent the results obtained for
filling and emptying respectively by using a coarse mesh-
size at the transition zone (the mesh height increased two
times). The transition peak value is an expected trend as
widely observed experimentally and numerically [35, 36]
and according to [37], the particles movement downward
and the sudden change of their direction from the vertical
to the hopper direction are the main reason for this peak
pressure right after the transition zone.

For the emptying phase, the peak value is changing ran-
domly when the f, value changes as shown in Fig. 11(b).
The peak value of normal pressure is varying from 3.57 kPa
to 4.98 kPa for model A (maximum increase of 39.50%

comparing to the value of f, = 1.0). For model B, it is
between 4.03 kPa and 5.38 kPa (33.50%), and for model C,
it changes from 5.10 kPa to 6.85 kPa (34.31%). The tan-
gential pressure peak value is between 0.85 kPa and 1.1
kPa for model A, between 1 kPa and 1.25 kPa for model B,
and for model C, it is varying from 1 kPa to 1.35 kPa. The
filling case has more stable and steady peak values than
the emptying (Fig. 11(a)), especially for model A. Model B
has an outlier for f, = 2.0 with a 21.92% increase com-
pared with the reference value. Model C has two extremes
peak values corresponding to f, = 2.8 (-9.91%) and f,, = 3.0
(10.53%), respectively. The variation of the peak value
returns to the fine mesh size of the hopper, where model
C has the smallest hopper mesh among the three models,
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Fig. 11 The variation of pressures peak value during filling with a fine mesh (a), emptying with a fine mesh (b), filling with a coarse mesh (c),

and emptying with a coarse mesh (d) as a function of f,,

which corresponds to the biggest variation range of the
peak value with 1.8 kPa for the emptying normal pressure
and 0.35 kPa for the emptying tangential pressure. On the
other side, the variation range of the peak value for both
models A and B is 1.4 kPa for the emptying normal pres-
sure and 0.25 kPa for the emptying tangential pressure.
Depending on the particle shape, the contact between the
particle and the wall would be in limited points, in our
case, two points maximum, unlike the real case where the
particle is not rigid and the contact with the walls would
be in a surface. The big particle size may lead to making
irregular distribution of contacts with the fine mesh areas.
The pressure is the value of the force divided by the area
to which this force is applied on. The irregular distribution
of forces makes differences in pressure value that assigned
to the consecutive areas, it appears as flutters on pressures

curves. To avoid this effect, it should be taken into consid-
eration the mesh sizing with particle upscaling. By increas-
ing the mesh size to double (Fig. 11(c)—(d)), the influence
of particle upscaling on the peak pressure at the transition
zone is almost disappeared. The curve of peak pressure is
almost steady with the variation of the scaling factor and it
appears obviously by comparing the curve of the fine mesh
(Fig. 11(b)) with the curve of the coarse mesh (Fig. 11(d)).
The mobilized friction of all models steady at the value
of 0.25 for the emptying case as the expected value, where
it was used as the coefficient of static friction between the
steel silo wall and the wheat particles. By upscaling the
particle, the mobilized friction at the hopper area experi-
ences a slight reduction. However, it stayed between 0.24
and 0.25 except for the transition zone of model C, where
the mobilized friction at that point is reduced to reach 0.22



for some f, values. The curve of the filling case is differ-
ent compared to the emptying, however, the values stayed
less than or equal to 0.25. We can notice that all mobilized
friction values of the filling case decrease upward and vice
versa with downward. The hopper area experienced more
stable values and closer to the expected, mostly limited
in the range of 0.2 to 0.25 except for model C, where the
range is between 0.15 and 0.25 for most values. However,
this trend is also observed by other authors [7, 34]. This
phenomenon returns to the low vertical pressure where the
mobilized friction is not fully generated. The weight of
wheat applies more vertical pressure downwards, which
explains the values that are close to the expected at the
hopper. By increasing the f, value, mobilized friction is
decreasing for the filling case and more flutters appear in
its curves. This behavior could be due to the big size of
particles, which reduces the contact number between them
and silo walls. This reduction of contact leads to reduce
the evaluation precision of values and it can be solved by
increasing the mesh size to expand the contact area. The
emptying case did not experience this behavior because
of the motion of particles, which creates a smooth contact
during the emptying process.
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Fig. 12, Fig. 13, and Fig. 14 show the color map repre-
sentation of the normal pressure, tangential pressure, and
the mobilized friction for filling and emptying for models
A, B, and C, respectively. The represented values are cal-
culated for each time step as the ratio between the nor-
mal pressure, tangential pressure, or mobilized friction
of every vertical area and the maximum value over time
of the same area corresponding to these values. Thus, the
scale ranges from 0 to 1, where pure white is the mini-
mum value (0), and pure black is the maximum value (1).
The vertical axis represents the coordinates of the vertical
areas measured on meters (Z). Positive values of Z corre-
spond to locations at the bin wall, while negative values
of Z refer to the hopper. Finally, the horizontal axis rep-
resents the percentage of computing time considered (T),
where 0% corresponds to the start of the simulation and
100% refers to the end of the simulation, both for filling
and discharge processes.

We can see that there is a smooth change of values from
one moment to another for all results of all models, where
the evolution of these values over time is almost the same.
The triangle shape of all color map representations refers
to the graduate filling and emptying process, where the

fx=3.0

100% 0% 100% 0% 100%
T (%) T (%) T (%)

Fig. 12 Color map representation of the normal pressure, tangential pressure, and the mobilized friction for filling and emptying of model A
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Fig. 13 Color map representation of the normal pressure, tangential pressure, and the mobilized friction for filling and emptying of model B
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Fig. 14 Color map representation of the normal pressure, tangential pressure, and the mobilized friction for filling and emptying of model C



contact between the wall and particles starts from the bot-
tom to the top progressively for the filling, and vice versa
with the emptying.

The filling case values start to increase gradually from
the moment of the first contact of the wall with particles
until the end of the filling that represents the moment of
the maximum value over time. The mobilized friction is
also increasing gradually during the filling until reaches
the expected value at the end. Again, the low vertical pres-
sure at the beginning of the filling (due to the less mass)
prevents the mobilized friction from being fully generated.
All representations of emptying pressures start with the
maximum values and they are reducing with time until the
end of the phase. There is a small effect of f, on the evolu-
tion of values over time and it is similar for all models. The
normal pressure of the filling phase is increasing faster
over time when f, increases, while the tangential pres-
sure is increasing slower. As a result, the mobilized fric-
tion also follows the same behavior of tangential pressure.
We can notice this effect clearly at the zone just above the
transition, where the three models have higher values at
the beginning of the filling with higher f,. This means that
filling pressure reaches its maximum earlier at this zone
with particle upscaling. This trend is related to the fall
of particles during progressive filling where the upscaled
particle has a higher impact force than the unscaled as
noticed by some authors [23, 24]. At the beginning of the
filling, particles fall from the maximum height, and as fill-
ing progresses, this height reduces progressively until the
end of the filling. Therefore, the impact force effect has
the maximum influence at the beginning of the filling and
this effect is reducing as well by the filling progress. This
effect does not appear in the unscaled models or the mod-
els with a small scaling factor because the impact force of
the small particle is not noticeable. In our simulations, the
relatively short silos do not lead to generating an impact
force higher than the mass weight of the full filled silo
even with the scaling factor of 3.0. Hence, the maximum
values are obtained at the end of the filling regardless of
the particle scale. However, a scaling factor higher than
3.0 may cause a higher maximum pressure with the use
of the progressive filling method with these models. The
fall height should be reduced relating to the scale factor to
avoid this effect. Or we can reduce the generation rate to
keep the same impact force as the unscaled model.

For the emptying phase, the effect appears as a reduction
in the smoothness of values evolution with the augmenta-
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tion of f,, it can be seen as noise in the represented images.
However, this reduction doesn't influence on results val-
ues comparing to the other f, for the same corresponding
time. Unlike the filling case, mobilized friction results for
the emptying have steady values over time. With higher £,
a small noise can be observed in the hopper zone, it appears
as a result of the normal and tangential pressure noises. This
effect can be seen clearly with model C, where it has some
values lower than expected at the transition zone. In addi-
tion, the augmentation of f, makes this noise spread more
to occupy a slightly bigger area over the hopper. This effect
returns to the inaccurate evaluation of normal and tangen-
tial pressures with upscaling technique and that due to the
non-regular distribution of contact between particles and
silo walls. The bigger particle applies a greater force con-
centrated on one fine mesh area instead of distributing it
over many mesh areas (in the case of the small particles).
At the same time, the other mesh areas around the con-
tacted area will be contactless with the big particles and this
will cause the noise to appear. This effect can be seen over
height (transition and hopper zone) and over time (at the
end of the emptying phase). Model C has the most inclined
hopper (the highest apex half-angle f) and it is associated
with the funnel flow. With this flow type, the lateral parti-
cles (those situated near the hopper walls) have a very slow
movement and this causes a slightly similar effect to the fill-
ing when the mobilized friction is not fully generated. For
this, the noise effect has more influence on this model espe-
cially at the end of the emptying when the vertical pressure
is reduced. Also, the particle upscaling influences the dis-
charge flow by slowing down the velocity of the particles,
and this will increase the effect as clearly observed with the
upscaled models. However, it doesn't make a remarkable
influence on the final results.

4 Conclusions

This paper is studying the effect of the particle size on
pressures obtained from DEM simulation of a cylindri-
cal silo with a hopper during the filling and the empty-
ing. Three silo models have been used with different out-
let sizes and hopper inclinations. The effect of particle
upscaling on pressures and granular flow is studied by tak-
ing into consideration the different silo types.

The total number of particles is extremely reduced with
particle upscaling by following a relationship based on
power law. Thus, the computing time is following the same
behavior.



668 Houhamdi et al.
Period. Polytech. Civ. Eng., 66(2), pp. 653-669, 2022

The bulk density does not change with particle escala-
tion but the distribution over height is slightly changed due
to numerical measurement precision.

Maximum pressures remain almost the same with par-
ticle upscaling. However, geometry mesh sizing must be
chosen carefully to avoid random variation of pressures
and to obtain a more stable curve, especially for the transi-
tion peak value.
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