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Abstract

The current study is based on the DEM computer simulation of three expe-
rimental test devices with different dimensions to determine the difference in
the results of the formation of shear and repose angles that the particles expe-
rience when grouped under the action of the gravitational force. In this re-
spect, the experimental test devices with different height, width, and depth
were geometrically modeled with iron pellet particles using morphology and
a granulometric variation from 6 mm to 9 mm of equivalent diameter in its
spherical shape. Depending on the results obtained, a reliable size of the ex-
perimental test device will be available to obtain the necessary data for a cor-
rect adjustment of the calibration parameters for the DEM simulation of min-
ing-metallurgical processes that use granulated material of iron pellet.

Keywords

Discrete Elements Method, Calibration, Test Device, DEM Parameters

1. Introduction

The growing use of computer simulation through the discrete elements method
(DEM) in mining, food, processing and farming industry to characterize and
improve their processes has allowed an efficient development of them, allowing
in turn to know the impact of their processes on the environment.

The method developed by Cundall, P. A., & Strack [1] at the beginning of the
70’s and its subsequent current evolution [2] [3] have allowed together with the

development calculation processes using graphics processors (GPU) [4], a sus-
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tained advance in new methods and multiphase simulation possibilities [5] and a
growing number of new publications on the matter in a wide field of sectors
such as geomechanics [6], underground mining and open-pit mining [7] [8],
CFD-DEM in pyrometallurgical processes [9], agricultural process equipment
[10] and significant advances in pharmaceutical industry processes [11].

Given the relevance of benefits associated with the development of DEM Si-
mulations, it is where the calibration of its behavior parameters plays a funda-
mental role to generate simulations that adjust to reality. The importance of ca-
librations lies in the fact that the results of the simulations must be developed
under the physical phenomena associated with the displacement dynamics of the
particles and the interaction between them [12], due to this, it is necessary to be
able to count on the characterization of the test devices to obtain reliable expe-
rimental parameters that will be used for the configuration of the adhesive mod-
el in computer simulations using the discrete elements method.

The fundamental concept of the discrete element method is based on the in-
teraction of granular materials through a finite number of elements called par-
ticles which interact with each other when they come into contact. The interac-
tion between them is defined by the contact models. Each contact model has a
variety of different parameters, which must be assigned numerical values. These
parameters, as well as other properties of the particles, influence the macroscop-
ic behavior of the simulated material. Since there is no computer approach to
determine numerical parameter values directly from a system response, the mod-
els must be calibrated. Calibration is an iterative process, which tries to identify a
set of parameters whose resulting response from the system corresponds as closely
as possible to the desired one. Due to the long calculation times of the DEM si-
mulation, the number of calculations required should be kept as low as possible.

The iterative process of searching for adequate parameter values is highly in-
efficient and in some cases very difficult to find, so the experimental obtaining of
the calibration values is a more efficient method and with high probability than
the values entered into the models of adhesion give results adjusted to the phe-
nomena of actual particle flow. In this sense, progress in the improvement of ca-
libration processes has been developed by different researches [3] [13] but as in-
dicated, the main disadvantage of iteration methods is the extensive computa-
tional time required, and in some cases can reach thousands of iterations before
finding calibration values satisfactory as stated [14] in the research of a method-
ical calibration process for discrete element models

The experiences carried out in accordance with establishing the variations of
the results of the calibration tests in experimental test devices have shown that
the dimensions of the test devices vary according to the different length scales
used as indicated by the experience of [15].

Although advances in calibration methods have evolved notably, such as the
use of artificial intelligence exposed by [16] based on genetic algorithms as well

as other more advanced techniques in the use of these advanced calculation tools
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exposed by [17] on models of surface response and neural networks such as the
work carried out by [18], they require necessarily a satisfactory tuning and itera-
tive search for calibration values in addition to the coupling of other external
numerical simulation software.

From what has been said about the iterative techniques and based on the
scarce development in the search for experimental validation methodologies, the
current research focuses on the differences that occur when using parameter de-
termination devices for DEM simulation in a simple way and with a high per-
centage of accuracy, which allows substantial savings in the calculation processes
in search of satisfactory results for the calibration of simulation models. To ob-
tain a comparative model and obtain their differences, three devices of different
dimensions were geometrically modeled with spherical particles whose granu-
lometry varied from 6 mm to 9 mm under identical material input conditions
and simulation time.

This research work methodically establishes the variables that must be consi-
dered for the construction of a device model that allows results of experimenta-
tion for calibration of reliable DEM parameters of granular material in iron pel-
lets, avoiding costly time to perform calibrations with the iterative method in
addition to indicating which are the variables that generate significant differenc-

es in the results of the tests.

2. Formulation of the Discrete Element Method

The basic foundations of the discrete elements method are based on the fact that
the particles basically describe two types of movements, the first is translational
and the second is rotational, these happen when the interaction between them
occurs and when a particle interacts with the walls of the system that contains it
and/or with a circulating fluid in the means of analysis. When the movement of
the particles occurs, an exchange of moment and energy is generated. Through
the interactions that occur between particles it can determine the resulting force
on it [19].

This approach allows using Newton’s second law of motion to obtain the mo-
tion of individual particles, assuming that the system contains 1z discrete ele-
ments, the particles 7have a mass (mm,) and a moment of inertia (/), the equations

for the translational and rotational motion can be written as:

mi%:ZFijc"'zk:Fich"‘Fif"‘Fig (1)
i

dw,
IiF_Z,-“M” )

where v; correspond to the speed of translation, while w; is the component of the
angular velocity of the particle j the contact force and torque exerted by a par-

ticle j or walls on the particle 7 are represented as F, M,

» respectively, F, M is
the force of F, M, non-contact caused by particle k£ on particle 7 while £is a

component of the force produced by the particle-fluid interaction on particle 7
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and # in the gravitational force. In Figure 1 the forces and pairs involved in a

DEM simulation [20] are shown schematically.

2.1. Contact Forces between Particles

The contact between two particles generally does not occur in a single point, due
to the geometric deformation that the contact zone possesses is defined by a fi-
nite area, which is equivalent to the contact that occurs between two rigid bodies
that slightly overlap in the DEM. In Figure 2 the contact force distribution over
an area can be decomposed into two forces, one normal (F,) and the other tan-
gential (F) [21].
F=F+FR=fn+F (3)
The normal unit vector (n) that allows the union of the center of the particles

with a direction outside the particle 7 Using a constitute model it is possible to

obtain the contact between spherical particles shown in Figure 3.

Uu;

Figure 2. Decomposition of the contact force
into its normal and tangential components.
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ESRY

Figure 3. DEM contact interface.

At the contact interface &, and %, are the normal and tangential stiffness re-
spectively, &, the friction coefficient and C, the contact damping coefficient.
The normal component of the norm force is the result of the sum of the elastic

normal force (£,,) and the damping force (£,,).

f, ="+ f, (4)

2.1.1. Elastic Normal Contac Force
The elastic normal contact force (£,.) is proportional to the value of the normal

stiffness (%) and to that of the penetration of the particle surfaces (u,,).
fro =Kol =K, (d =1 = 1;) (5)

where d corresponds to the distance between centers that is generated when
contact between particles occurs, r;and r; is the radius of the particle 4 j respec-
tively. For the case studies that the particles do not have cohesion with each oth-
er, there will be no normal elastic contact force (or tension). What causes that

when u,, <0 the value of the normal tension force f, =0 is setasnull.

m —

2.1.2. Normal Damping Contact Force
The normal damping contact force ( f ;) is required to cause a decrease in the
oscillations of the contact forces, in addition to dissipating the kinetic energy of

the particles. For this type of force it must be assumed that it is viscous [22].

fnd = CnVrn (6)

v,, is the relative velocity of the normal component between the centers of the

particles.
Vm:(uj—ui)n (7)

Considering that the damping coefficient (¢,) is contained within the critical

mm;k,
Ccr Y (8)
mi+mj

The calibration in the discrete elements method is based on obtaining optimal

damping (c,) [23], we have:

3. DEM Calibration

parameters at the time that an interaction between solid bulk particles occurs,

which are entered as input values in the simulation of any process for obtaining
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solid material at in bulk, the data sought to be obtained by means of the calibra-
tion are the static and dynamic friction coefficients, coefficient of restitution and

rolling coefficient [24].

3.1. Calibration by Angle of Repose Test

Obtaining the angle of repose consists in determining the angle of inclination
with respect to the horizontal when solid bulk material of different dimensions is
stacked, obtaining this value depends on the method used in experimental tests
or computer simulation, and there are four ways to obtain this result [25].

The techniques of calibration by testing the angle of repose are pouring,

draining and dynamic repose.

3.2. Calibration by Inclined Plane Test

The inclined plane test is used to determine the coefficients of sliding and rolling
friction between the particle and a flat surface of different material. For the de-
termination of the coefficient of sliding friction, a grain of material having a flat
side is selected. The granular particle is placed on a horizontal flat wall, to keep
the granulated material in a stationary state and thus avoid a possible rolling.
This approach ensures that the particle always slides before it starts rolling so
that only the slip component can be measured. Then gradually the plane is in-

clined until the particle begins to slide [26].
u=tan(Q) 9)

3.3. Calibration by Coefficient of Restitution Test

This test is used to measure the coefficient of restitution of the particle (e), by
means of the ratio between the relative velocities of the particle after and before
the impact, when spherical particle of the granulated material is dropped on a
horizontal surface. To facilitate obtaining the coefficient, the ratio of the square
root of the rebound and the height of fall is usually used, and not the velocity ra-
tio. The physically measured value of the coefficient of restitution is directly
used in the DEM model so that the particle in the method has the same dissipa-
tion energy property as the real particle [27].

4. Results and Discussion

The design of experimentation (DOE) of this research work was based on the se-
ries of tests to determine the variations of the results against different dimen-
sions of the same test device design to obtain DEM calibration parameters, for
the simulation of the calibration process the Rocky DEM software was used to
generate the virtualized tests of the tests of different devices. The material used is
based on the properties and morphology of mineral iron pellets, where its main
values are shown in Table 1.

For the experimentation and selection according to the DOE, the braking

technique was selected for the determination of the angle of repose, which basi-

DOI: 10.4236/ijmnta.2021.102005

70 Int. J. Modern Nonlinear Theory and Application


https://doi.org/10.4236/ijmnta.2021.102005

Y. Aguilera-Carvajal et al.

cally consists of performing the test with a box-shaped device with a horizontal
separation located in the middle distance of the vertical plane, which has a gate
and an opening in the upper part where the solid bulk material is deposited as
shown in Figure 4. The test process consists of filling the upper part of the de-
vice with particles, when the filling is finished, the opening of the gate that has
the central division is configured, which causes a large part of the granular ma-
terial to pass from the upper part of the device to the lower part, due to the effect
of gravity, which begins to stack since the lower horizontal cover prohibits its
displacement, with this an angle is generated between the lower cover and the
material deposited on it, called the angle of repose, while the remaining material
remains stored in the upper part since it fails to break its stationary state, it ge-

nerates an angle with central division, this take the name shear angle.

Table 1. Pardmeters iron ore pellets.

Iron ore pellet

Density 3700 (kg/m?)*
Particle density 2200 (kg/m?)*
Young’s modulus 70 (Gpa)®
Poisson ratio 0.2°

Friction coefficient

Static friction 0.6
Dynamic friction 0.45¢
Rolling friction 0.3¢
Restitution coeficient 0.45¢

These values were obtained from: * [13] (Gustafsson et al, 2013). " [3] (Gustafsson et al, 2013). € [28] (Chen
et al, 2018). % [29] (Schott et al, 2016).

,((\

Device 1 Device 1 Device 3

Figure 4. Test device.
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Figure 5 shows a calibration by obtaining the angle of repose by means of
drainage technique, in the upper part the shear angles are observed with respect
to the horizontal, while in the lower part the angles of repose generated when
solid material is stacked.

In the discrete elements method, spherical shaped particles are used [30], as
can be seen in Figure 6, for its approach in this study there are particles whose
dimensions are within the range of 3 to 6.6 mm, at in turn, there will be 3 test
devices similar to Figure 4, each with variations in their measurements.

The shape and main dimensions of the iron pellet particles are shown in Fig-
ure 7, where from the dimensions in accordance with the granulometry obtained,

the equivalent volumes of the particles in their spherical shape were specified.

> >

L
Time 1: Material fill Time 2: Material download

X

L L

Time 3: Material collection Time 4: Material repose
' a4 ' 4
51°
I (N

Angle of repose Drawdown angle

Figure 5. Process of formation of the repose and drawdown angle using the drainage technique.
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Figure 6. DEM particle.
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Figure 7. Shape and size of the iron pellet particles.

Device 1 with dimensions 0.23 x 03 x 0.175 (m), has a load flow of 7.5 (ton/h)
and an adhesive distance of 0.0001 (m) these together with the parameters of the
bulk material used from Table 2 gives us the following results for the repose and
drawdown angles.

The second test device preserves two measurements of device 1 which are the
height and width, the depth is the one that is affected by the change in dimen-
sions reducing its size, with this the measurements of device 2 are 0.23 x 0.3 x
0.095 (m), the same as device 1, the load flow is 7.5 (ton/h) and an adhesive dis-
tance of 0.0001 (m) resulting in the values in Table 3.

The third device with respect to the second maintains the dimension of width
and depth; instead its height suffers an increase. Compared to device 1, the
width remains constant, while the height increases and the depth decreases so
that the dimensions of device 3 are 0.23 x 0.59 x 0.095 (m), in addition the flow
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of bulk material in the process it is 7.5 (ton/h) and for the test an adhesive dis-
tance of 0.0001 (m) will be used, with these parameters we obtain the results

shown in Table 4.

5. Results

When there is a variation in the depth dimension of a test device as observed in
test mechanism 2, in which the physical dimension in the depth of device 2 is
decreased with respect to device 1, it is observed in the shear angle both on the
right and on the left as observed in Table 5, which generates a standard devia-
tion around 2% in each case, so the drawdown angle is not very sensitive to the
change in the depth dimension.

The height dimension is modified as it happens in device 3 in which with re-
spect to mechanism 2 the width and depth measurement is kept constant, gene-
rating an increase in its height, this produces a variation in the drawdown angles
as observed in Table 5, the value of the angle generated on the right has a de-
creased of 16% in the case of the left side, the value decreases by 13% with re-

spect to the values obtained from device 2.

Table 2. Device 1 adhesive distance: 0.0001 (m).

Time simulation 2:58:53
Particles quantity 5134 particulas
Angle of repose right 35°
Angle of repose left 35°
Drawdown angleright 50°
Drawdown angle left 51°

Table 3. Device 2 adhesive distance: 0.0001 (m).

Time simulation 1:41:43
Particles quantity 2569 particulas
Angle of repose right 33°
Angle of repose left 34°
Drawdown angleright 51°
Drawdown angle left 52°

Table 4. Device 3 adhesive distance: 0.0001 (m).

Time simulation 2:55:46
Particles quantity 5057 particulas
Angle of repose right 39°
Angle of repose left 40°
Drawdown angleright 43°
Drawdown angle left 45°
DOI: 10.4236/ijmnta.2021.102005 74 Int. J. Modern Nonlinear Theory and Application
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Table 5. Drawdown angle.

Right Left
Device 1 50° 51°
Device 2 51° 52°
Device 3 43° 45°

In the case of the angles of repose, the value of the left side presents a decrease
of 1° as seen in Table 6, for the case of the angle generated on the right side it is
observed that it decreases by 2° with respect to the value obtained from device 1,
with which a deviation of 6% is generated on the right side and 3% on the left
sector.

In the values presented in Table 6, it is observed that the resting angles ob-
tained in the test of device 3 suffer an increase with respect to the second, for the
case of the angle that is formed to the right and to the left it is observed a growth
of 18%.

There is a decrease in the calculation time, with device 1 being the one that
takes the longest to process to obtain the final results as presented in Table 7,
this is due to the fact that this mechanism has a greater quantity of particles and
longer fill time when testing starts.

When decreasing one of the dimensions of the test device, the calculation time
decreases, on the contrary when the dimensions of the test mechanism are in-
creased, the calculation time suffers an increase, this is observed since device 3
suffers an increase in the height with respect to device 2, which generates an in-
crease in the processing time as can be seen in Table 7.

When reducing one of the dimensions of the test device, the calculation time
decreases, on the contrary, when the dimensions of the test mechanism are in-
creased, the calculation time suffers an increase, this occurs when device 3 suf-
fers and increase in height with respect to device 2, which generates an increase
in processing time as can be seen in Table 7.

Figure 8 shows a comparison between the drawdown angles of the right and
left side obtained in the 3 devices.

Figure 9 shows a comparison of the angles of repose of the right and left side
respectively, obtained from the tests carried out on the 3 devices.

It is observed that when modifying the value of the depth of the test device the
variation of the results is of maximum order of 6% as observed in the compari-
son of device 1 and 2, on the contrary the results are very sensitive to the change
in dimension of the height of the device, since the angle of repose on the left side
presents a difference of 18% between the values obtained from devices 2 and 3.
The calculation times are directly proportional to the change in dimensions,
since if there is a decrease in depth the processing time tends to decrease, if one
of its dimensions increases the processing time calculation increases, one of the
causes is that the quantity of particles varies proportionally to the dimensions of

the device.
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Table 6. Repose angle.

Right Left
Device 1 35° 35°
Device 2 33° 34°
Device 3 39° 40°

Table 7. Simulation calculation time for the different devices.

Time

Device 1 2:58:53

Device 2 1:41:34

Device 3 2:55:46

Drawdown angle
50
o 40
% 30
& 20
o 10
0
Device 1 Device2 Device3 Device 1 Device2 Device3
Right Left
Figure 8. Right Drawdown angle comparison.
Repose angle
60
50
§ 40
ED 30
o 20
10
0
Devicel Device2 Device3 Devicel Device2 Device3
Right Left

Figure 9. Right angle of repose comparison.

6. Conclusions

From the results obtained, it can be established that calibration is an important
factor to be able to obtain reliable and realistic results of simulations using the
discrete elements method of solid granular material composed of iron pellets for
the simulation of industrial processes that process this type of material since it
allows to define precisely the parameters that must be entered as input variables

in them, that is why defining the appropriate dimensions will allow the calibra-
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tion values to be defined more quickly and precisely.

A dimensional variable that significantly affects the results of the tests is the
height of the device, so special care must be taken in the construction of test de-
vices with an adequate height to be able to calibrate the parameters correctly. In
this sense, the dimensions proposed for the construction of the test devices must
be in an intermediate range of the dimensions studied.

Another significant aspect is the calculation times experienced by the simula-
tions of the test carried out, where the choice of intermediate sizes of the studied
devices will allow to run a greater number of simulations to establish statistically
reliable significant figures. The substantial savings in the calibration processes
will reduce the time involved in the calibration processes, ensuring simulation
results that are more adjusted to the real phenomena of processes and equip-
ment that handle solid granular iron pellet material.

It should be noted that the granulometry used in the study must be respected
so that the results of the DEM simulations adhere to the phenomenology that the
particles experience in their real performance as well as the real geometric shape
of the particle. In this study, the equivalent volumes of the sizes of the real par-
ticles were used to approximate their behavior using a spherical shape. The
changes that occur when using morphology similar to the real one will vary ac-
cording to the number of sides and different volumetric dimensions of them. It
is to be expected that using granulometries in the ranges mentioned and with
geometric shapes identical to the real particles, results are obtained that are ad-
justed to the phenomena that actually occur.

Future research should be focused on conducting tests with physical devices
for experimental validation and with geometric morphology of the real particle.
Another research objective is to be able to determine the differences that occur
in the experimental results due to the roughness of the surfaces and their effect
on the static and dynamic friction coefficients of the particles.

From the above, it is a valuable contribution to the research to be able to
determine with small modifications in the design of the values of the device of
coefficients of friction and restitution with a single test procedure, in this case,
it is necessary to investigate the governing and binding equations that describe
what the particles experience during the granular material calibration testing
process.

Obtaining reliable results of calibration values for DEM simulations will allow
elucidating many of the phenomena that occur during the processes associated
with the transport and processing of iron pellet materials with realistic and relia-
ble simulations. The use of the methodology of discrete elements and its ability
to couple other methodologies such as the elements and finite volumes will allow
an important development in the mining industry, not only to verify and estab-
lish levels of processes but also in the effects that impact the useful life of assets
by improving their maintenance strategies with a binding approach of condition

monitoring techniques
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