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Abstract: This paper presents the process of virtual prototyping of bulk material preparation devices
in mining using numerical simulations of multi-physics phenomena. The discrete element method
(DEM), meshless method (MFree), and computational fluid dynamics (CFD) were used in the cal-
culation process. The importance of the extraction process and the practical application of DEM in
various industries are discussed. The main contact models between particles and how structural
material wear is modelled in DEM are presented. The structure of the computational models in DEM
and CFD environments is presented. For the validation of the bulk material computational model,
bench tests were carried out to determine the material properties (aggregate: five grades, 0-16 mm;
coal concentrate: five grades, 2-32 mm; and so-called raw coal, grade 2-8 mm). The bulk density
and angle of natural repose were measured, along with determination of the internal and external
friction coefficients. Simulations corresponding to the laboratory tests were carried out. Numerical
calculations were carried out for the side chute (results—velocities of the particles, compressive
forces in the particles, determination of the wearing process) and for the coke classification line
(two lines were assessed according to different aggregate sizes and densities of the bulk material).
These multi-physics calculations required a combination of DEM-MFree and DEM-CFD methods.
Based on the obtained results, it was possible to evaluate the performance and efficiency of the
assessed machines.

Keywords: discrete element method; aggregate; co-simulation; coal preparation; computational
fluid dynamics

1. Introduction

Computer-aided designing has been utilized for many decades. Most often, it concerns
strength calculations using the finite element method (FEM). However, due to the constant
increase in the computing power of computers and the continuous development of software
environments that enable the simulation of many physical phenomena, it becomes possible
to create computational tasks combining the discrete element method (DEM), computer
fluid dynamics (CFD), and the meshless method (MFree). The use of many numerical
methods makes it easier to optimize a design of a given solution in relation to many
evaluation criteria. Simulations using DEM support the design and manufacturing process
of new solutions for machine components that are used in various industries, including
technological processes and/or for the transport of bulk materials. The support consists
of calculating static and dynamic loads from the transported bulk material, affecting the
structural components (parts, subassemblies) exposed to direct contact with the moving
material; estimating the wear of components exposed to direct contact with the bulk
material, e.g., during its transport; assessment of the efficiency and effectiveness of sorting
machines and screens at the stage of their designing and manufacturing as well as selection
of the process control algorithms in technological lines.
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1.1. Mining Industry

The mining industry is a key source of raw materials for other industries. For example,
coal mining is necessary to produce electricity and heat. Oil extraction is also crucial for the
production of fuels, plastics, and many other products. The mining industry also provides
raw materials for the production of metals such as gold, silver, and copper, which are used
in electronics, construction, and many other industries [1,2].

The products of the mining industry (mineral raw materials) are divided into the
following groups:

e  Metallic: ferrous (e.g., iron ore, manganese, nickel, cobalt); non-ferrous (e.g., copper,
lead, tin, bauxite); precious metals (e.g., gold, silver, platinum);

e Non-metallic (e.g., rock salt, potassium salt, sulfur, granite, marble, limestone, aggre-
gates);

e  Mineral raw materials for energy production (hard coal, brown coal, crude oil, natural

gas) [3].

The extracted raw mineral is a mixture of grains of various sizes and shapes and
with different mineral compositions. The material in this form is usually not suitable for
direct use; therefore, it should be subjected to processing to obtain optimal and acceptable
commercial parameters [4]. The analysis of the volume of mineral resource extraction
indicates significant potential for the development of the machines and equipment intended
for the processing of the above-mentioned materials. For example, iron ore production
in 2023 amounted to 2398.3 million tons, and the main shareholders were Brazil, China,
Russia, India, and Australia [5,6]. In turn, the total global production of manganese in 2021
was 49.5 million tons, and the largest producer in the world was South Africa [7]. The
highest extraction volume is the case of sand and gravel. According to online sources and
UN analyses, 50 billion tons of these materials are mined every year [8].

In mechanical processing, the task of which is to separate the cleanest possible useful
grains from the raw material and the cleanest waste grains devoid of a useful component,
three basic operations can be distinguished [4]: classification—as a result of which the
material is separated into groups of grains with specific dimensions; beneficiation—the aim
of which is to divide the material into groups of grains with the same mineral characteristics;
crushing—reducing the size (breaking into smaller parts) of the grains.

Dimensional classification of raw minerals mostly uses screening machines. These
devices are used in the processing the raw minerals at many stages of the technological
process, not only for the dimensional classification of raw material but also for the dewa-
tering of some beneficiation products, as well as the dimensional classification of final
(commercial) products.

Screening machines play a significant role in iron ore processing, which is why various
types of the above devices are available on the market [9-11]. Screeners are one of the main
machines used in aggregate processing. Much of this material is subjected to preparatory
operations before its use, including dimensional classification. There is a very large number
of companies that have their devices available for this purpose [12-14]. Screeners are also
very often used in the hard coal mining industry, and even in the metallurgical industry
(coke screening) [15-17]. Another example shows that screens are also important in the
processing of salt rocks [18].

In the case of the second main operation of minerals processing, i.e., beneficiation,
water pulsating jigs, using the phenomenon of the density separation of particles, are the
devices most commonly used. Separation takes place in a pulsating water stream based
on differences in the settling rates of the grains being beneficiated. Water pulsating jigs
are the devices commonly used in hard coal beneficiation [19-23] and washing the aggre-
gates [24,25]. Important areas of jig application include iron ore [26-29] and manganese
ore [30,31]. Jig beneficiation is also available for alluvial gold concentration, tungsten
ore pre-densification, washing the phosphate ores, and concentration of tin and copper
ores [32]. Such a wide range of use of these tools in mineral mechanical processing, com-
bined with the volume of their production and the constantly increasing demand for these
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minerals, forms the basis for research work to increase the effectiveness and reliability of
the above-mentioned devices.

1.2. Practical Usage of DEM

According to [33], the DEM method has been used in mineral mining and processing
since the 1990s. This method is used, among others, to analyze processes related to the
transport of excavated materials, crushing, screening, and flotation. One example of
the use of the DEM method is the analysis of particle movement on banana flip-flow
screens. Understanding the characteristics of particle vibrations contributes to optimizing
the technological processes, e.g., via proper generation of vibrations (linear, clockwise, or
counterclockwise), as well as the optimal selection of the vibration frequency and amplitude.
Inclination of the sieves is also analyzed in the simulation process. As a result of such
analyses, the efficiency of machines increases, ensuring the optimal operation [34,35]. The
application of DEM simulations in the screening process is also presented in [36]. In this
article, the authors analyzed the method of separating the particles of the sieved material
under the impact of vibrations. Analysis of the inertial operation of a cone crusher is
another example of using DEM. In [37], in order to optimize the machine’s operation and
with the aim of reducing the wear intensity of the linings and reducing production costs,
the authors decided to carry out the parallel simulations by combining DEM simulations
with a crusher model built in the environment for analyzing the systems kinematics and
dynamics of multi-body systems (MBS).

Another application of co-simulation is the wet vertical stirred media mill model.
The aim of the simulation was to predict the wear of each part of the mill, predict energy
consumption, and learn the dynamics of both the grinding fluid and the grinding media.
The authors in the article [38] presented a computational model consisting of three parts:
the first part was a model of the mill structure that was created in a software environment
based on FEM; the second part of the computational model was the grinding fluid model,
which was modelled using the particle finite element method (PFEM); the last part of the
model was the grinding medium model, which was developed in a program based on the
DEM. Weak two-way couplings were defined between each model. The distribution of
forces was defined by the resistance coefficient as a function of the Reynolds number. A
similar approach to co-simulation was described in [39]. In this case, DEM, combined with
the method of dynamics of multi-body systems and a novel particle replacement model
(PRM), was used to analyze the pellet grinding process and simulate the effectiveness of
high-pressure grinding rolls (HPGR). In this case, crushing was not only aimed at reducing
the size of the lumps of run-of-mine, but it was also important from the point of view of
releasing valuable components from the extracted ore. For a more detailed understanding
of the crushing process along with the analysis of interfacial cracking, DEM simulations
can also be used. This problem was presented by the authors in [40]. The analysis and
development of copper ore crushing processes in hammer crushers, using co-simulation
of DEM and PRM methods, was also dealt with in [41]. Another example of using DEM
simulations to analyze crushing processes is presented in [42]. The presented simulations
performed a comprehensive analysis of the loads in the mantle, the crushing torque, and
crushing power in relation to a mining gyratory crusher operating in a copper mine.

The process opposite to the crushing process is the granulation process, i.e., combining
small particles into larger ones. This is a much more complicated phenomenon than the
crushing process. During the technological process, as a result of mixing, movement, or
vibration, granulation and crushing of the larger particles may occur at the same time.
This phenomenon depends on many physical parameters of the material. The use of
DEM simulations to analyze granulation processes is presented in [43]. Another field
of application of the DEM is the prediction of wear of the machine components as a
result of their operation. The wear of a mining rope shovel bucket analysis presented
in [44] is an example of an analysis carried out for this purpose. Based on the results of
numerical simulations, it is possible to learn more about how the excavator bucket wears
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in friction, both regarding the wear location and its size. An analysis of the results allows
for planning maintenance and repair work, and it also directs work to optimize the bucket
design. Another aspect of using DEM simulations is the possibility of simulating the
cooperation of machines during the technological process. An analysis of cooperation of a
longwall shearer with the armored face conveyor (AFC) described in [45] is an example
of such an application of numerical simulations in mining operations. The author paid
special attention to the aspect of loading the excavated material onto the longwall conveyor
with changing kinematic parameters of the longwall shearer’s movement. The aim of
the simulation was to optimize the cooperation of both machines and avoid emergency
situations, such as burying the AFC, resulting in it getting stuck. DEM is also used on a
smaller scale, namely, to optimize the cutting tools used in the mining machines. For this
purpose, it is required to understand the interaction between the tool and the rock in the
mining process. This issue was presented in [46], where the authors discussed simulations
enabling the analysis of the rock cracking mechanism.

In turn, [47] presents the possibility of using the DEM simulation method to analyze
the deformation of roof rocks in mining areas. By analyzing stresses, places of stress accu-
mulation, and geological conditions, the authors drew attention to the threats, e.g., water,
occurring in a given region. By thoroughly understanding the nature of the phenomenon,
the occurrence of selected hazards in the mine can be minimized.

The mining industry is one of the most important sources of income in many countries,
as the development of the mining industry often regulates the source of potential and
economic growth of countries [48]. The mining industry includes the exploration, planning,
and permissions for the building of mines, extraction of raw minerals in open-pit and/or
underground mines, processing of minerals, and recultivation of mine areas at the end of
their economic life [1].

2. Materials and Methods

The DEM [49] is intended to simulate the motion of many elements (particles) of
finite dimensions. As defined by [50], computer programs using the DEM should enable
simulations of the finite displacements and rotations of discrete bodies (including the
possibility of their complete detachment from each other) and automatically detect all
interactions (contacts) among the elements in the simulation process. In the DEM, discrete
elements are assumed to be rigid particles of a given mass that can move independently of
each other, both in sliding movement and rotation.

2.1. Contact Models

Particles interact with each other through the so-called contact models that describe
mutual acting forces and force moments. Changes in the state of the system over time are
calculated numerically using the so-called explicit integration methods. The forces acting
on the system may lead to static equilibrium (in which there is no particles movement)
or cause the flow of bulk material (particle movement). If the contact model is assumed,
describing the elastic interaction between particles, their mutual behavior uses the so-called
“soft contact”, in which a specific set stiffness of a particle in the normal direction describes
the contact force of the connection between the adjacent particles. As a result, each particle
may overlap with each other near the contact point, reflecting the compressibility of the
material. In software tools based on DEM, it is possible to define various contact models
that reflect the types of physical interactions between molecules [51]. The following contact
models should be mentioned here:

e  Hertz-Mindlin (no slip)—the default model due to its accurate and efficient calculation
of force values. In this model, the normal component of the force is based on Hertz’s
contact theory [52]. The tangential force model is based on the work of Mindlin-
Deresiewicz [53,54]. Both normal and tangential forces have damping components,
where the damping coefficient is related to the coefficient of restitution, which is
discussed in [55]. The tangential friction force follows the model of Coulomb’s friction
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law [56]. Rolling friction is implemented as a contact-independent directional constant
torque model [57].

e Hertz—Mindlin with JKR (Johnson-Kendall-Roberts)—cohesive contact model that
takes into account the impact of Van der Waals forces in the contact zone and allows
for modelling of highly adhesive systems such as dry powders or wet materials.
In this model, implementation of the normal elastic contact force is based on the
Johnson-Kendall-Roberts theory [58].

e  Hysteretic spring contact—taking into account plastic deformations in the contact
mechanics equations, as a result of which the particles behave elastically up to a
predefined stress. Once this stress is exceeded, the particles behave as if they were
undergoing plastic deformation. As a result, it is possible to obtain large contact
surfaces between particles without excessive forces acting on them, which represents
a compressible material. The calculation of the normal force is based on the Walton—
Braun theory, presented in [59,60].

e  Damped linear spring compression force model, based on the work of [56]. A linear
spring with stiffness k is connected in parallel with a damper with coefficient c.

e  EEPA elastic—plastic adhesion model (Edinburgh Elasto-Plastic Adhesion Model)—
takes into account the dependence of past interactions, which is crucial, and the
characteristic behaviors of cohesive solids. The flow behavior and transfer character-
istics of cohesive granular solids are strongly dependent on the prior consolidation
stress in the given body. The contact model includes a nonlinear spring model with
hysteresis, which takes into account the elastic—plastic contact deformation and the
adhesion force component. It has been assumed that the peel force (adhesion) increases
with an increase in the plastic contact area [61,62].

Moreover, particles can be combined into groups to create more complex and larger
granular structures; for example, rocks and stones. Taking into account the heterogeneity of
grains (different particle sizes) and the presence of internal cracks (through the appropriate
distribution of the parameters of permanent connections), the material crushing process
can be simulated. This movement is the result of external forces and contact forces between
adjacent particles and between particles and external space constraints, e.g., vessel walls.
In the DEM, the selection of the time step size results from the assumption that, in a
single step, the structure disturbance will not propagate further than between immediately
adjacent particles.

2.2. Models of Constructional Materials Wear

The DEM enables simulations of abrasive or erosive wear processes that cause degra-
dation of the material surface of the structure in contact with the bulk material. There are
several main material consumption models.

2.2.1. Relative Wear

Relative wear is the basic model for predicting material wear. It allows for a determina-
tion of the main areas where wear occurs and its intensity. The contact energy is calculated
to estimate the spatial distribution of wear. The tool should be considered as a qualitative
assessment of wear, without quantifying the depth of wear. There is a linear relationship
between contact energy and wear. The values are calculated using the following formulas
and spatial relationships (Figure 1):

En = Y Fyvndy 1)

Ei = Ry )

where:

E,—accumulated contact energy in the normal direction to the contact surface [J];
e  E;/—accumulated contact energy in the tangential direction to the contact surface [J];
e  F,—contact force in the direction normal to the contact surface [N];
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Fi—contact force in the direction tangential to the contact surface [N];
vy,—speed of the particle in the direction normal to the contact surface [m/s];
v—speed of the particle in the direction tangential to the contact surface [m/s];
d—integration step [s].

Un

v
—)
O
Figure 1. System of significant vectors in the relative wear model.

2.2.2. Abrasive Wear

Archard’s model [63] enables the calculation of the amount of material removed from
the surface as a result of the abrasion process. This model requires calibration based on
empirical data. As a result of the calculations, it is possible to obtain surface deformations
in the computational model. The Archard model describes the linear relationship between
the normal force and the wear volume between the moving particle and the degraded
surface. Its basic formulas and spatial relationships are given in Figure 2.

E
dy = — 3
w= ©
K
E = —F,AU 4
b @
where:
o dy—wear depth [m];
e E—wear volume [m?];
e  A—surface area of the penetrated surface element [m?];
e  K—empiric constant;
e  H,—hardness of the used material acc. to Vickers scale [GPa];
e  F,—contact force in the direction normal to the contact surface [N];
e  All—distance travelled by a particle while contacting the surface [m].

E,
AU
— 1

Figure 2. System of significant vectors in the abrasive wear model acc. to Archard.

2.2.3. Oka Wear Model

Using the Oka model [64,65], it is possible to calculate the depth of material loss from
the surface of the contact element as a result of erosive wear (due to the impact of each
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particle). The model requires calibration (empirical tests). The following formulas and
spatial relationships are used in the Oka model (Figure 3).
E(e)my
A

B v 2'3H8'038 D 0.19
E(e) = 65W ’“(m) (0.326) ©)

(5)

g(x) = sin(e<)®7 1 4 Hy(1 — sin(«))] 24" @)

where:

dy—depth of erosion loss [mm];

E()—unit loss volume [mm?3/ kel;

g(x)—dependence of the impact angle on standardized erosion;
A—surface area of the penetrated surface element [m?];

my,—particle mass [kg];

o—angle of direction from which a given particle hits [rad];

v—speed of the particle when it hits the surface [m/s];

D—particle diameter [mm];

H,—hardness of the used material acc. to Vickers scale [GPa];
W—material erosion wear constant. The constant takes the following values [64]:
carbon steel: Wy, ~3; stainless steel: Wy, ~10; aluminum: Wy, ~1000.

Figure 3. Significant vector system in the Oka model of abrasive wear.

2.3. Algorithm of Crerating the Computational Task

In the DEM, creation of the computational tasks begins with defining the bulk material
model. This model is created based on appropriate input data, including the bulk density,
angle of natural repose, internal friction coefficient, and external friction coefficient. At
the same time, a spatial geometric model of the object is introduced into the software
environment, which limits or directs the flow of the bulk material. Boundary conditions
and material properties are then defined. After the calculations, it is possible to obtain the
calculation results for the particles and for the object in which they are located or which
limits their movement (Figure 4).

The results obtained for the DEM-based simulation can be used to assess the object
strength. For this purpose, the contact force field is saved as an external file and imported
into a program environment based on the FEM or MFree methods. Then, after completion
of the computational model with material properties and boundary conditions, numerical
calculations are performed, based on which results such as in the “typical” finite element
method, i.e., stresses, strains, displacements, and reaction values, are obtained.

Computational tasks created in the DEM software environment can take into account
fluid flow phenomena. For this purpose, the co-simulation mode is used, i.e., programs
based on DEM and CFD methods exchange specific data at each iteration step. The
development of a CFD computational model requires the creation of a geometric model
of the fluid domain, the selection of analysis taking into account the time parameter
(transient analysis), the type of flow (laminar or turbulent), the definition of the particle
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carrier material model (liquid or gas), and the determination of the initial and boundary
conditions (Figure 5).

’ 3D geometrical model of the object |

| Bulk density |
A Model of a bulk | Model of the object material |
Natural repose angle >| :
material
4
| External friction coefficient | 20 . | Boundary conditions |

Y

DEM computational model |

P 2

Calculation results for v Calculation results for the
particles Contact forces particle — surface object
(e.g. velocity, compressive of the object (e.g. relative wear
force, kinetic energy) abrasive wear,

accumulated contact
energy)

Figure 4. Creation of the computational task based on the DEM.

Selection of transient 3D geometrical model of the
numerical analysis type | object
(CFD domain) Selection of the real
simulation length and
integration step
Selection of the flow 3y = &
type (laminar S— »  CFD computational model — —
or turbulent) . < Definition of initial and
v boundary conditions

Simulation results for
the particles carrier
(velocity, pressure,

volume fraction)

Definition of the
particles carrier material
model (liquid or gas)

Figure 5. Creation of the computational task based on CFD.

3. Implementation of the Method

In the examples, the DEM-MFree methods were used to analyze the strength of a side
chute, while the co-simulation of the DEM-CFD methods was presented in the assessment
of the output of a section of the coking coal classification line. Both devices are used in
mining processing plants.

3.1. Defining the Bulk Material Model

Aggregate is a material that is usually of organic or mineral origin and is mainly used
for the production of building mortars, concrete, and for road construction. Aggregates
are divided according to their method of extraction. There are natural and artificial aggre-
gates. Natural aggregates come from minerals crushed by rock erosion or are obtained
mechanically by crushing the solid rocks. This type of aggregate can be refined through
screening and washing/beneficiation processes. Natural aggregates are divided into gravel
and crushed aggregates. Artificial aggregates include those of mineral origin, obtained
as a result of thermal or other modifications, and recycled aggregates, obtained as a re-
sult of the processing of inorganic materials previously used in construction. The use of
aggregates depends on a number of factors (parameters), including mechanical strength,
frost resistance, water absorption, and chemical and grain composition. Aggregates are



Appl. Sci. 2024, 14, 5903

90f19

used in construction (including concrete production, road surfaces, backfilling industry),
railways (substructures for railway tracks, railway embankments), the glass industry (use
of quartz sand of very fine granulation), foundry (use of foundry sands with very high
quartz contents), water and sewage filtration (purification plants and home water filters),
the electronics industry (use of sands with very high quartz contents), and the mining
industry (use of aggregates for the extraction of hydrocarbons using hydraulic fracturing),
as well as for decoration.

For the purposes of numerical simulations, stand tests were carried out to determine
the properties of an aggregate, coal concentrate, and the so-called raw coal. The bulk density
and angle of natural repose were measured, along with determinations of the coefficient
of internal friction and the coefficient of external friction. For each type of material, three
tests were performed, and the results of each were recorded. Based on the recorded results,
the average value of each parameter was calculated. The average values of the external
friction coefficient of the selected bulk materials in relation to polished and typical steel are
presented in Table 1.

Table 1. External friction coefficient for the selected bulk materials.

. Average Value of the Friction

Surface Type Material Type Minimuil Slide Angle (°) Coefficient
Aggregate, 0-0.5 mm 22 0.40
Aggregate, 1-2 mm 21 0.38
Aggregate, 2-4 mm 20.3 0.37
Aggregate, 6-8 mm 20 0.36
Polished steel Aggregate, 8-16 mm 21 0.38
Coal concentrate, 2-4 mm 25.3 0.47
Coal concentrate, 8~16 mm 24.7 0.46
Coal concentrate, 16-32 mm 26.7 0.46
Raw coal, 2-8 mm 22.3 0.41
Aggregate, 0-0.5 mm 23 0.42
Aggregate, 1-2 mm 22.3 0.41
Aggregate, 2-4 mm 22.7 0.42
Aggregate, 6-8 mm 25 0.47
Typical steel Aggregate, 8-16 mm 26.3 0.49
Coal concentrate, 2—4 mm 26.7 0.50
Coal concentrate, 816 mm 28 0.53
Coal concentrate, 16-32 mm 26.3 0.49
Raw coal, 2-8 mm 23.7 0.44

The article further presents the method for the computational model of bulk material
validation in relation to 16-32 mm coal concentrate. A similar procedure applies to other
types and assortments of bulk materials. Based on the stand tests, the following properties
of the bulk material were defined: bulk density: <1000 kg/m?; natural repose angle: 35.5°;
JKR: 0; coefficient of restitution COR: 0.5; stiction coefficient (static friction): 1.0; rolling
friction coefficient: 0.15; material density: 1600 kg/m?3; static friction coefficient of the
substrate: 0.49.

The following particle parameters were determined: spheres—particles consisted of
three spheres, each with a radius of 9.5 mm (Figure 6), and particle dimensions—to take
into account the dimensional range of the aggregate, a random distribution of particle
dimensions from 0.85 to 1.00 of its nominal size, i.e., 32 mm, was introduced.

To obtain the correct results, i.e., compliance regarding the natural angle of repose,
the iterative method was used. This involved determining the initial particle parameters,
determining the substrate parameters, and calculating and measuring the angle of repose
obtained from the calculations. If there were differences, corrections were made for the
geometric features and particle density. These were repeated many times until the angle
of repose results were within the tolerance of +/—0.5°. When displaying the results, it is
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possible to visualize particles using the so-called templates of geometric forms. Figure 7
shows sample templates of geometric shapes and the final effects of their use, assuming
that the remaining parameters of the bulk material remain unchanged.

15.7018, 18.5166, 9.51119)

15.7018, -15.8541, -9.5005)

.6589, -15.8541, -9.5005)

Figure 6. View of a particle representing a 16-32 mm coal concentrate in the EDEM program.

Figure 7. View of the template of the geometric form of bulk material (a) and the result of their
application in the DEM results (b).

The conditions prevailing at the test stand were recreated in a DEM-based software
environment, i.e., the formation of a bulk cone as a result of emptying the bottomless vessel
was simulated (Figure 8).

The following particle parameters were determined: spheres—particles consisted
of three spheres, each with a radius of 9.5 mm (Figure 6); particle dimensions—to take
into account the dimensional range of the aggregate, a random distribution of particle
dimensions from 0.85 to 1.00 of its nominal size, i.e., 32 mm, was introduced.

After completing the simulation of the of the bulk material cone formation, its target
form was obtained. Figure 9 shows the cone without a template, using a template, and its
form obtained on the basis of stand tests.
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(b)

(©)

Figure 8. Movement of the laboratory vessel upwards with formation of a bulk cone: t =1.20 s (a),
t=2.0s(b),t=25s(c), t=3.0s(d); t=4.0s (e).

(©)

Figure 9. View of the bulk cone for coal concentrate 16-32 mm: DEM simulation without using a
template (a), DEM simulation using a template (b), stand tests (c).

After validation, the bulk material model was part of the DEM computational models,
which were used to assess the side chute and part of the coke classification line.

3.2. Side Chute

Side chutes are designed for loading railway wagons in hard coal mines. They are
installed at the side outlets from the tanks for the backfilling of fine stones for waste in the
form of filter cakes on wagons. These are welded sheet metal structures made of structural
steel. The bottom of the chute and the side walls are exposed to intensive abrasion with the
transported material. To facilitate transport and assembly, the chute has a modular design.
The 3D geometrical model of the side chute was simplified by removing holes, standardized
fasteners (screws, washers, nuts), and driving components (pneumatic cylinder). Figure 10
shows the spatial geometrical model of the chute before and after the simplifications.

The following material properties of the chute’s structural elements were assumed:
Poisson’s number (v)—0.3; density (p)—7800 kg/m?; Young’s modulus (E)—2.6 x 108 Pa;
coefficient of restitution—0.35; static and kinetic friction coefficients—0.2; hardness acc.
to Vickers scale H,—10.8 GPa. The chute capacity was assumed to be 50 kg/s for the
16-32 mm material. Figure 11 shows the selected results of the DEM simulation for particles
of the bulk material and for the chute’s constructional material (Figure 12).
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(@) (b)
Figure 10. 3D geometrical model of the side chute: designed model (a), simplified model (b).

Time: 30.0001 s Time: 30.0001 s
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(c)

Figure 11. Calculation results for bulk material in the side chute: linear velocity of particles (a);

angular velocity of particles (b); compressive forces in particles (c); general view of aggregate particles
using a template for visualization in the area of the chute outlet (d).
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Figure 12. Calculation results for the side chute design: abrasive wear on the chute surface (a);
accumulated contact energy on the chute surface in the normal direction (b); erosive wear on the
chute surface (c); displacements map—MFree method (d).

To obtain the strength analysis results, the field of force vectors that represent the
interaction of each particle on the chute structure must be exported from the DEM-based
software tool to FEM- or MFree-based software.

3.3. Coke Classification Line

Two variants of the coke classification line were created. The first line variant was
intended for classifying the material according to aggregate size. It consisted of a feed chute,
a trapezoidal feeder and a vibrating screen (Figure 13a). Both the trapezoidal feeder and the
screen were subjected to forced vibrations. This was possible due to their elastic mounting.
The forcing was realized by rotating counter-rotating masses that cause centrifugal forces.
These forces cancel out and add up at specific positions, which excites a feeder and a screen.
The harmonic motion of a linear trajectory is the result of exciting the feeder and screen.
The movement parameters and types of screens are selected depending on the process
requirements, based on the following parameters: angle of inclination of the screen surface
to the ground; frequency, amplitude, and direction of vibrations and the size of the sieve
mesh. In the second variant, a combination of DEM computational models with software
based on the CFD method in co-simulation mode was used. Instead of a screen, a tank with
liquid, which enabled the classification of bulk materials with different densities, was used
(Figure 13b).

The following boundary conditions were defined: vibration characteristics of the
feeder—vibration frequency: 975 min~!, vibration amplitude: 4.5 mm; vibration character-
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istics of the screen—vibration frequency: 730 min !, vibration amplitude: 7 mm; angles of
inclination of the linear vibration trajectory of the feeder and screener from the horizontal:
42°,32°; sieve mesh dimension: 60 x 60 mm; line for classification according to aggregate
size—feed rate: 720 t/h; line for classifying the bulk material of different densities—feed
size: 54 t/h (material of density of 550 kg/ m3), 54 t/h (material of density 2000 kg/ m3);
liquid density: 1000 kg/m3, forced liquid flow: 0.5 m/s. Figure 14 shows the selected
DEM simulation results for the lines to be classified according to aggregate size. In turn,
Figure 15 shows the results for the lines for classifying bulk materials of different densities.

(a) (b)

Figure 13. Fragment of the coke classification lines for the blast furnace, sorting particles by their size
(a) and density (b): chute (1), trapezoidal feeder (2), vibrating screen (3), liquid tank (4).

Time: 11.02s
iameter (mm)

90.00
76.00
62.00

48.00

34.00

20.00

Time: 11,025
Kinetic Energy (1)
0.09

(c) (d)

Figure 14. Calculation results for classification line according to aggregate size: direction of particle
movement—the so-called stream (a), particle diameter (b), kinetic energy of particles (c), general
view of moving particles on the classifying line—use of the so-called template (d).
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Figure 15. Calculation results for the line classifying the bulk material of different densities: stream
(a), compressive forces acting on the particles (b), particle mass (c), general view of moving particles
on the classifying line-use of the so-called template (d).

4. Conclusions

The main physical parameters necessary to develop computational models of aggre-
gates in a software environment based on the discrete element method include the bulk
density, angle of natural repose, internal friction coefficient, and external friction coefficient.
Data from field tests enable creating computational models for bulk materials of similar
physical parameters. The computational models obtained in this way are a part of larger
computational tasks, where the bulk material is the source of the load to selected machine
components that are mostly exposed to impacts and displacements of a bulk material in
the technological or transport process.

Depending on the type of process to be analyzed, the types of numerical analyses have
to be determined. For processes such as the screening of bulk materials (without the use of
liquids), only DEM-type analyses are sufficient. For analyses in which the most important
aspect is the analysis of fluid flow (analysis of valve performance, cooling systems), CFD-
type analyses are sufficient. On the other hand, consideration of phenomena of combining
the two, such as the analysis of phenomena occurring in scrubbers or material classifiers,
even with the use of heavy fluid, requires the use of combined CFD+DEM analyses.

Figure 16 shows a generalized diagram of how the proposed numerical analyses
approach can be applied to the machinery life cycle.

By analyzing the phenomena occurring in individual processes, it is possible to modify
and manage the product life cycle. Using numerical analyses, it is possible to determine
the areas at risk of increased wear. Wear can be predicted, and consequently, breaks can be
planned for the maintenance, repair, or replacement of individual components. In the case
of new machines, it is possible to use the results of the numerical analyses to select different
materials for different areas of the machine. Differentiating both the type of material and
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geometric features (e.g., wall thickness) will allow both the failure-free operation of the
machine to be prolonged (by reinforcing the critical areas most exposed to wear) and an
economical approach to design by saving material in areas that are not subject to rapid wear.
As a result, the application of the proposed handling algorithm enables more accurate life
cycle planning than was previously possible, thus ensuring that both the environment and
the machine user’s satisfaction and production costs are taken care of.

Selection of the actual
simulation run-length

and integration time step
Definition of initial and
Definition of particle carrier boundary conditions
CFD > material model >  Flow type -
aer (laminar or turbulent)
(liquid or gas)
CFD +DEM v

Se.\ectlon of ) Identification machine’s
b transientanalysis criterial states
type

v v
Computational model of
the new machine

3D geometrical model
of an object
(CFD domain)

Analysis type:
CFD; DEM; CFD+DEM

Definition of the
bulk material model

Verification of the
bulk material model

DEM 'y Definition of the Y

e "
parameters )l Computational model |<
necessary to build a

numerical model

Computational model of the
machine currently in use

2 Y

Numerical analyses: Numerical analyses:
CFD; DEM; DEM - CFD CFD; DEM; DEM - CFD

2 Y
Design optimisation : Machine’s monitoring system:
- Determination of areas - Selection of sensors (number, type, mounting
of increased wear location)

- Selection of materials
- Wall thickness
- etc.

- Maintenance planning
- Periodic inspection
- Breakdown planning

2
Machine’s life cycle
management plan

Figure 16. Generalized diagram of the usage of the proposed numerical analyses.

The use of DEM to simulate the operation of coke classification enables an assessment
of its effectiveness and efficiency based on the selected geometric features (e.g., arrange-
ment and size of the meshes on the screen) and other physical parameters (e.g., direction,
amplitude, and frequency of vibrations of some components). An analysis of the calculation
results enables easier determine the directions for optimizing both geometric features and
the required material parameters of each device. In turn, combining the computer fluid
mechanics method and the discrete element method to simulate multi-physical phenomena
extends the use of virtual prototyping of the machines and devices used in extracting and
processing the bulk materials, also assuming that, e.g., fluids are used in the technological
process. These include using pulsating jigs or devices to extract deposits from the bottom
of water reservoirs.

Numerical simulations using DEM require fewer financial expenses than stand tests,
and the results are obtained faster than in the case of stand tests. At the designing stage, it
is possible to assess the impact of changes in the geometric form of a machine, assembly,
or part on the rate of their wear. The use of DEM to identify loads resulting from the
movement of bulk material enables assessing the strength of the structure, including the
impact of the type of material from which it will be made. In this article, the results are
presented for the particles (linear and angular velocities, compressive forces, diameters,
kinetic energy, and mass) and for the bulk material preparation device (abrasive and
erosive wear, accumulated contact energy, displacements). The disadvantages include a
low calculation accuracy, resulting from the need to empirically define material constants
that are required in wear models (e.g., in the abrasive wear model according to Archard).

Including the presented numerical methods when designing the processes of new
machines and devices improves their implementation in terms of timeliness and contributes
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to minimizing the risk of making substantive errors. Moreover, the energy intensity of the
designed machine can be assessed and reduced as well, which has significant economic
consequences at the stage of its future operation.
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