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1. Introduction

The Discrete Element Method
(DEM) (Cundall and Strack, 1979) is a nu-
merical method widely used for validation
and optimization of particulate handling
system designs. The great advantage of
this methodology is the virtual visualiza-
tion of the material flow.

In real situations, with bulk materi-
als constituted by non-spherical particles,
modeling the particles using spherical
particles generally results in lower inter-
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Abstract

Real non-spherical particles can be modeled using the Discrete Element Method
(DEM) with sphere clusters, superquadrics, or polyhedral particles. However, in ap-
plications involving a considerable number of particles, the analysis can become im-
practicable. The goal of this study is to demonstrate how well spherical particles can
reproduce the flow of differently shaped particles. In this analysis, four dry particles
are employed with different shapes and sphericity: spherical particles and three non-
spherical particles, constituted by a combination of three spherical particles. For each
non-spherical particle ensemble, the respective angles of repose were determined with
DEM simulations using a simple virtual flow box experiment. Next, the flow of spheri-
cal particles through the flow box was calibrated to reach the same angle of repose for
each non-spherical particle ensemble by tuning friction coefficients. A comparison of
the computational time of the simulations for each non-spherical particle and their
spherical representation is presented and discussed. The results show that using spheri-
cal particles in DEM simulations reduces the computational processing time in relation
to the use of irregular forms in the simulations by approximately 80%.

Keywords: DEM method; calibration; particle sphericity; particle shape.

particle friction compared to real granular
material friction (Coetzee, 2016). To solve
this problem, two classes of methods are
employed. The first class of methods is
generating a non-spherical particle model
using sphere clusters, superquadrics, or
polyhedral particles (Irazdbal et al., 2017).
Sphere clusters or clamps are formed by
overlapping spheres to form a non-spheri-
cal particle (Shi et al, 2015). Superquadrics
(Cleary, 2010) are a family of geometric
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shapes defined by various shape param-
eters in the mathematical formulation;
therefore, ellipsoids and other quadric
shapes can be obtained (Podlozhnyuk
et al., 2017). Polyhedral particle models
enable the use of sharp corners and edges
(Irazabal et al., 2017). Applications of
polyhedral particles can be found in Mack
et al. (2011), Govender et al. (2014) and
Hohner et al. (2014). However, all ofthe
approaches in the first class of methods
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have the disadvantage of a high compu-
tational cost, i.e., the computational time
required to process the contacts between
thousands of non-spherical particles can
make the analysis impracticable.

In the second class of methods,
the real particles are modeled as spheri-
cal particles, but an additional torque
is included in the model, the rolling
resistance torque. Therefore, the rolling
friction is used as an effort to model
the effect of the irregular shape of real
particles. There are different formula-
tions for modeling rolling resistance. Ai
et al. (2011) and Irazabal et al. (2017)
discussed four types of rolling resistance
models. The simplicity and lower com-
putational requirements of this class of
methods makes them preferable to imple-
ment in DEM commercial packages.

Barrios et al. (2013) developed a
methodology to measure the real particle
parameters, as sliding friction, rolling
angle, and coefficient of restitution, based
on individual particle measurements, and
employed a technique of an overlapping
spheres model to reproduce the real shape
of iron ore pellet particles. These authors
performed an interesting study comparing
slump test experiment results with DEM
simulation, using both spherical modeling
and the overlapping spheres model. They
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showed that simulations considering the
overlapping spheres model produces better
results than the spheres model. However,
the authors used in their simulation the
same the rolling friction parameter en-
countered in the procedure to achieve the
relationship between the experimental
rolling angle and the coefficient of roll-
ing friction for the DEM simulations. If
the rolling friction was issued from the
calibration process, in a tuning process,
the results with the sphere particle model
could be better. Similar as performed
by Li et al. (2017), also using iron ore
pellets, this concept is the basis for the
methodology that will be shown in this
present article.

In a study on the mixing uniformity
of irregular sand and gravel materials in
a rotating drum, Jiang et al. (2019) com-
bined the methodologies presented by
Barrios et al. (2019) and Li et al. (2017).
They used the individual parameter mea-
surement from the Barrios methodology
and the tuning process for the rolling
friction coefficient definition similar to
the Li study. They modelled the gravel
particle using the overlapping spheres
technique and the sand was modelled as
spherical particles. The DEM simulation
results using V-box and the L-box agreed
well with the experimental data. Wei ez al.

Figure 1 - Iron ore sinter feed at different moisture contents: (a) 0%,
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(2019) also utilize slump test experiments
to determine the coefficient of rolling
friction for iron ore pellets, employing
spherical particles for the DEM simula-
tion. They also perform experiments with
cylindrical and conical particles prepared
in the laboratory with magnetite powder.
For the DEM simulation corresponding
to these experiments, the author also used
overlapping spheres. All experiments were
well represented by the DEM simulations,
where the static and rolling friction coef-
ficients was differently set by a specific
calibration procedure.

The main motivation of the present
article is the need to calibrate the flow of
iron ore or manganese ore fines, as they
are commonly exported by the Brazil-
ian mining companies. These products
present greatly irregular shapes with a
strong presence of adhesion and cohe-
sion forces. Figure 1 presents a series of
pictures performed by the authors using a
Veho 800xmicroscope, showing the iron
ore particle fines (sinter feed) in different
moisture contents. Observe the greater
non-uniform shapes of the particles, also
the large influence of Van der Waals at-
traction forces, where the ultrafine par-
ticles adhere to the larger particles, and
the cohesion forces effect originated by
the capillary cohesion.



Based on this fact, the methodology
employed by the authors to simulated
these ore fines is to use only spherical
virtual DEM particles, with an adequate
calibration process. In order to separate
the particle shape effect from the adhe-
sion and cohesion effects, this article
presents and demonstrates the capability
of DEM simulation of real non-spherical
particle flow, using virtual spherical par-
ticles, in a case with minor influence of
adhesion and cohesion forces. Of course,
for a granular media with more uniform
irregular particle shape, as wood chips(as
in Xia et al., 2019) or agricultural par-
ticles (asin Ma et al., 2015), for example,
it is suitable to use a virtual particle with
a similar geometry to that of the real par-
ticles. Also in some cases in the mining
industry, as in the ROM crushing, this
particle modeling is suitable.

2. DEM modeling and simulations

2.1 Mathematical model

The DEM method considers the
discrete nature of granular material,
treating the forces and moments on
each particle individually. The forces

m.%=m,.g +E(I—;U "'E“j"'

!

where m_and /I are, respectively, the
mass and moment of inertia of particle
i; V,and w, are, respectively, the transla-
tional and rotational velocity of particle
isF, . F "’n o FonFe g ;are the contact forces
(normal and dampmg forces); T, and
T, are the torques on particle i “from
partlcle j as a result of the total con-
tact force (the sum of the normal and
tangential forces) and rolling friction,
respectively; F ", is the non-contact
force acting on particle i by particle k

where p_is the coefficient of rolling fric-
tion, F is the contact normal force, ®

According to Ai et al. (2011), there should
be caution when using the A-type rolling
friction model in static situations. In this

In this context, the present article
presents a study on the modeling of ir-
regular shaped particles, such as spherical
particles, using the Hert-Mindlin (no-slip)
with RVD (Relative Velocity Dependent)
Rolling Friction as the contact force model
implemented in EDEM 2.4 (DEM Solu-
tions, 2015). Therefore, this article aims to
demonstrate how well spherical particles
can reproduce the flow of different shaped
particles and the computational process-
ing time saved using this procedure.

Initially, a spherical particle is mod-
eled based on Zhou et al. (2002). This
is the reference particle. Next, a non-
spherical particle is modeled by overlap-
ping the reference particle. A group of
these non-spherical particles is simulated
in a flow box forming a sand pile with a
specific angle of repose, and the simulation
processing time is computed. To achieve

involved in the dynamics of the contacts
are modeled and included in Newton's
second law, resulting in a system of
coupled ordinary differential equa-

Jj=1

do ¢

|_I= (-I_|+1'-; )
dt JZ )) )

or other sources; F' is the particle-fluid
interaction force on particle i; and m g
is the gravitational force (Zhou et al.,
2002; Zhu et al., 2007).

In computational codes, the equa-
tions of motion are implemented using
different contact force models that can
be chosen according to the specific
application. In this study, the DEM
simulations were performed using the
EDEM2.4 computational code (DEM
Solutions, 2014) and the Hert-Mindlin

=-uFR

rel

is the unit vector of relative rotational
velocity of the two particles in contact,

r.+r.
! J

model, there is a high residual kinetic en-
ergy due to rapid oscillation of the rolling
friction torque. The high residual kinetic
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the same angle of repose for the non-
spherical particle sand pile, the parameters
(including rolling friction) of the spherical
reference model were calibrated, and when
the flow simulation resulted in the same
angle of repose, the processing time was
computed and compared with the previous
case. This process was repeated for two
other non-spherical particles of different
sphericity values.

The remainder of this article is
organized as follows: Section 2 describes
the mathematical model used in the
DEM simulations, the spherical reference
model, and calculation of the sandpile
angles of repose. Section 3 presents the
non-spherical particles used in analyses
and the simulation procedures. Section
4 presents and discusses the numerical
results. Finally, the study’s conclusions are
given in Section 5.

tions for translational and rotational
motion (Egs. 1 and 2) that are solved
by numerical integration.

Fi)+ EF"C+ Ff M)

(2)

(no-slip) with RVD (relative velocity
dependent) rolling friction model. This
model uses the traditional Hert-Mind-
lin model (Di Renzo and Di Maio 2004)
with a rolling friction model based on
Zhou et al. (1999). This RVD rolling
friction torque model is a generalization
of the A-type model discussed in Ai et
al. (2001). The torque depends on the
relative rotational velocity of two par-
ticles in contact, particle i and particle
J, as follows:

)

and R is the equivalent radius of two
particles in contact:

(4)

energy can be reduced by using an ap-
propriate time step; the time between
each computational interaction. A stable
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and trustworthy simulation is obtained
when the time step is less than a critical

time step (usually between 20%and 40%).
In EDEM, the critical time step is the

_ T, Py
0.1 63vp+ 0.8766 Gp

TR

Rayleigh time step (Marigo and Stitt,
2015; Li et al., 2017), given by:

()

where r,is the particle radius, p, is the particle density, G is the shear modulus and v, is Poisson’s ratio.

2.2 Spherical particle reference model
Zhou et al. (2002) presented a
study that calibrated a DEM simula-
tion using a simple experiment with a
compartmentalized rectangular box
(henceforth referred to as flow box).
The calibration process was obtained by
tuning friction coefficients. This experi-
ment is used as a reference for the current

_B+b_ 2 2

study. Herein, the average repose angle
was obtained from flow simulations in a
flow box with a middle plate and outlets
at its ends (Fig. 2). In these simulations,
initially, before discharging, the particles
accumulated in the superior part of the
box; next, the outlets were opened and
two sandpiles formed. The repose angle

By + B, +ﬁrf +0,

By + B,

+/3,f +p,

(B) is given by Eq. (6), where the left side
of box {3 is obtained using measurements
from the front (B,) and back (verse) (B,)
of the box (Fig. 3). The same procedure
for the right side is used to determine
B.- The sandpiling process was repeated
four times to generate an average angle
of repose (B).

(6)

F="

In the simulations, one task was
to define the total computational time
for a given simulation of a sand piling
process. Therefore, the quantifica-
tion of the kinetic energy of the entire

2

system was used to decide when the
simulation should be completed. The
kinetic energy was computed dur-
ing the process, and when the value
reached residual values, after the

sandpile formed at the bottom of the
flow box (second rest — Fig. 3d), the
simulation was completed, as shown
in Fig. 3. This simulation time varies
according to the particle shape.

Figure 3 - Angle of repose measured in a rectangular flow box.
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Figure 4 - Total kinetic energy of the particles as a function of time. (a) particle generation; (b) rest; (c) flow; (d) rest.

In the simulations, initially, a
spherical particle of glass with a di-
ameter of 10 mm was defined as the

reference. The particle model was
defined based on Zhou et al. (2002)
modeling, according to Tablel. The

parameters of the calibrated spherical
particle model from Zhou are shown
in Tablel.

Table 1 - Physical properties of the material (Zhou et al., 2002).

Physical property

Glass spheres

Glass box (wall)

Particle diameter 10 mm -
Poissons’ ratio (v) 0.3 0.3
Shear Modulus (G) 8.31e+07 Pa 8.31e+07 Pa
density (p) 2500 kg/m? 2500 kg/m?
Interaction Particle-particle (pp) Particle-wall (pw)
Coefficient of restitution (e) e,=0.5 e, =025
Static friction coefficient (y) H,,,= 0.4 H.,,~0-6

Rolling friction coefficient (4 )

y,,=0.05<10°m

#,,=0.1x10°m

In the present study, the angle of
repose from the DEM simulation is
measured by editing the pictures from
the final stage of flow through the flow
box. The uncertainty of this procedure

was estimated to be +/- 1.3%. Addi-
tionally, through a sensitivity analysis

of the random deviation of this flow,
there was computed a total uncertainty
value for the numerical angle of repose
of +/- 5.2%.

Using the same DEM parameters
shown in Tablel, the angle of repose
was 28.9°, compared to the value of

3. Non-spherical particle models and simulation procedure

To analyze the flow of non-
spherical particles, three shapes of
particles were constructed by overlap-
ping spheres in the EDEM. The three
particles generated are inscribed in a

d=10mm

10-mm-diameter section (same diam-
eter as the reference particle — Shape
1), as shown in Fig. 4. Shape 4 is shown
at different views in Fig. 5.The criteria
adopted to build the particle clusters

-

~
— e - - O e -

Shape 1 Shape 2 Shape 3

approximately 28.1° from Zhou et al.
(2002). This result validates the DEM
model developed for flow through a
simple flow box, and is taken as a refer-
ence for evaluating the use of spherical
particles to simulate the flow of non-
spherical particles.

was to maintain the new irregular par-
ticle circumscribed in the sphere of the
10mm diameter, in order to be similar
to the Zhou et al. experiments with
different sphericity values.

~ -

Shape 4

Figure 5 - Confined DEM particles at circumference of a 10 mm diameter.
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Figure 6 - Shape 4.

volume is equivalent to that of the particle,
S,, and the surface of the particle, S, ie.

a perfect sphere. Mathematically, it is the
ratio between the surface of a sphere whose

Sphericity is the quantification of how
closely a non-spherical shape approaches

w=5,/S, )

Therefore, the sphericity of the shapes could
be determined (Table 2).

The volume and surfaces of the four
shapes were determine using SolidWorks.

Table 2 - Particle sphericity.

Particle Volume (mm?) S, (mm?) S, (mm?) Sphericity
Shape 1 523.60 314.16 314.16 1.00
Shape 2 190.85 160.30 169.65 0.94
Shape 3 260.92 197.47 214.79 0.92
Shape 4 260.42 197.21 243.96 0.81

366

The simulation procedure can be
divided into two parts. In the first part,
four groups of materials were created. Each
group formed with one particle shape is
shown in Fig. 5. Each group was set to flow
in the flow box, and at the end of the flow
process, the angle of repose of the sandpile
formed was measured (when the kinetic

4. Numerical results

4.1 Simulations in flow box

In the first part of the simulation, four
groups of different particle shapes flowed
through the flow box. Figure 7 shows the
four groups of particles in the initial resting

120 mm

energy reached the lowest residual value)
and the processing time was computed.
In the second part, the spherical
particle (reference particle or Shape 1)
was calibrated such that the angle of
repose was the same as the sandpile of
particles of Shape 2. The same procedure
was repeated so the spherical particle had

state at the top of the flow box. Each group
has a different number of particles concen-
trated in a box volume with a height of 120
mm according to Fig. 7. After the initial rest,

|

the same angle of repose as the sandpile
of particles of Shape 3 and Shape 4. At
the end of each simulation process of
the reference particle, the computation
time was computed and compared to
the processing time of the non-spherical
particle simulations in the first part of the
simulation procedure.

the particles flow through the box until the
final rest (see comments in Section 2.3).
Figure 8 shows the initial, intermediate, and
final stages of the particle flow for Shape 2.

Figure 7 - Initial stages of the simulation: (a) Shape 1, with 2000 particles;
(b) Shape 2, with 5200 particles; (c) Shape 3, with 4200 particles; (4) Shape 4, with 4000 particles.

Figure 8 - Initial, intermediate and final stages of particle flow for Shape 2.
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4.2. Mean angle of repose of the particles

The angles of repose of the sandpiles
for the four groups of particles in the first
part of simulations are shown in Table 2.

The angle of repose differed for each
shape, demonstrating the influence of non-
spherical shapes. Table 3 also presents the

Table 3 - Angle of repose of particles.

Elias Gomes Santos et al.

computation time for each simulation. The
spherical shape has the lowest computa-
tion time and smallest angle of repose.

DEM geometry | Sphericity(yp) | Number of particles [ CPU time (min) Angle of repose (f3) with uncertainty
Shape-1 1.00 2000 17.22 28.9 £1.49
Shape-2 0.94 5200 57.78 48.4 +2.49
Shape-3 0.92 4200 94.20 46.2 +2.38
Shape-4 0.81 4000 79.20 513 +2.64

4.3. Calibration of spherical model to reproduce non-spherical particles

The next step (Part 2 of the simula-
tion procedure) was to recalibrate the
parameters of the spherical model to re-
produce the flow of non-spherical particles

in order to reach the same angle of repose.
The parameters (of the spherical model)
were changed to obtain the angle of repose
for particles of Shape 2, Shape 3 and Shape

4 shown in Table 4. This calibration pro-
cess was performed according to Zhou et
al. (2002) by varying parameters to reach
the desired angle of repose.

Table 4 - Variables considered for calibration of reference particle to represent non-spherical shapes.

Representing Shape 2 | Representing Shape 3 Representing Shape 4
Particle - particle (pp)
e 0.25 0.25 0.25
Mo 0.90 0.80 0.90
M., (mm) 0.10 0.15 0.15
Particle - wall (pw)
e, 0.25 0.25 0.25
oo 0.60 0.60 0.60
b, (mm) 0.40 0.30 0.40

Comparing Table 1 and Table 4,
the main parameter changed was the
rolling friction coefficient. The slid-
ing friction coefficient Hy restitution
coefficient €, particle specific mass p,

shear modulus G, and Poisson's coef-
ficient, remained unchanged during the
calibration process.

Table 5 shows a comparison of the
angle of repose of non-spherical par-

ticles and spherical particles calibrated
to have approximately the same angle
of repose. The computational process-
ing time for this procedure is presented
in Fig. 9.

Table 5 - Comparison of angle of repose between non-spherical and calibrated spherical particles.

[ for non-spherical particles

[ for recalibrated spherical

Relative deviation (%)

48.4 48.90 1.03
46.2 46.25 0.11
51.3 51.40 0.19

CPU Time (min)

Figure 9 - CPU time for simulations.
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According to Table 4, the use of
spherical particles can represent the be-
havior of dry non-spherical particles in
simulations using DEM in the formation
of sandpiles, i.e., sandpiles with the same
angle of repose can be obtained.

The use of spherical particles in the
simulations brings a great computational
gain. In the results, the flow simulation
of the Shape 2 particle in the flow box
had a computational processing time of
57.78 minutes. With the use of spherical
particles in the representation of the Shape
2 particle, the computational processing
time was reduced by 79.65%, i.e., the
processing time was 11.76 minutes. For
Shape 3, the reduction was 85.29%, and
for Shape 4, the reduction was 82.05%.

On the dynamics of the flow, a
question that could be posed is the time

5. Concluding remarks

This article presented a methodology
of representing dry non-spherical particles
with spherical particles using DEM. The
motivation for this procedure is the reduc-
tion of computational time. The methodol-
ogy consisted of calibrating the spherical
particle model parameters to reach the
same angle of repose of the non-spherical
particles. The sliding and rolling friction
parameters from the particle-particle inter-
action were verified to be the most promi-
nent in the calibration procedure, with the
last parameter having the largest influence.

The numerical study was carried out
using the experiment presented by Zhou
et al. (2002) as a reference for calibration.
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