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Abstract

This study investigates the influence of ore particle shape on the wear behavior of ball
mill liners using the Rocky-DEM software. A simulation model of a laboratory-scale
ball mill was established to analyze the wear patterns of liners under three different ore
particle shapes: polyhedron, ellipsoid, and sphere. The results indicate that while the
overall motion patterns of the charge showed minor differences across particle shapes,
significant variations were observed in flowability, with the polyhedral system exhibiting
the lowest fluidity. Particle shape had a negligible impact on translational velocity but
a substantial effect on rotational velocity. Regarding liner wear, the polyhedral system
generated significantly higher wear compared to the spherical and ellipsoidal systems.
The polyhedral system also exhibited the highest shear stress, identifying shear stress as
the core factor dominating liner wear. The wear-time curves for individual liners in both
radial and axial directions displayed a stepwise increase, suggesting that wear is primarily
concentrated in the toe region.

Keywords: Rocky DEM; liner; wear; non-spherical particles; ball mill

1. Introduction

As the core equipment in mineral grinding processes, the efficiency of ball mills di-
rectly influences the quality of beneficiation products and production cost, playing an
irreplaceable role in mineral processing flowsheets [1-4]. However, ball mills face critical
technical challenges, including high energy consumption—accounting for over 50% of
total plant power usage [5,6]—and severe liner wear. Liners are the primary consum-
able components, with annual consumption reaching approximately 4 x 10° tons and
associated maintenance costs constituting about 6% of total grinding operational expendi-
tures [7]. Previous research has primarily focused on optimizing liner materials [8,9], mill
cylinder and liner structural parameters [10,11], and operational parameters such as mill
speed [12-14] and filling level [15-18]. In contrast, the dynamic influence of ore particle
shape on wear of ball mill liner remains underexplored.
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The discrete element method (DEM) has become a key tool for studying liner wear
due to its advantages in analyzing internal granular dynamics [19-21]. Currently, DEM
simulations have predominantly focused on spherical particles [22,23]. However, both
experimental and numerical studies on non-spherical particles indicate that particle shape
exerts a significant influence on their dynamic properties [24]. Under hypergravity con-
ditions, the introduction of non-spherical particles can significantly alter the dynamic
angle of repose of a particle bed and the average particle velocity, thereby affecting mixing
efficiency [25]. Accurate description of particle shape and in-depth investigation of its
influence on flow, mixing, and segregation are of considerable importance for revealing
the dynamic characteristics of granular systems [26-28]. Compared to spherical particles,
the primary challenges in DEM simulations for non-spherical particles lie in two aspects:
contact detection between non-spherical particles is more complex, and the corresponding
collision contact algorithms must be adjusted as particle morphology varies; furthermore,
achieving high precision in resolving the forces between non-spherical particles remains
difficult, which to some extent limits the advancement of DEM for non-spherical particles.
Currently, methods for describing the shape of non-spherical particles mainly include
the multi-sphere model, the super-ellipsoid model, and the polyhedral model, among
others [29-34].

However, traditional DEM often simplifies particles as spheres, which fails to accu-
rately capture the complex shapes of real ore particles, leading to discrepancies in wear
predictions [35-37]. To address this limitation, researchers have introduced non-spherical
particle models [38,39]. Notably, Rocky-DEM 2022 R2 software supports complex particle
shapes, providing a robust platform for such investigations.

This study employs Rocky-DEM software to establish a ball mill model and investi-
gates the effects of three distinct ore particle shapes (polyhedron, ellipsoid, and sphere) on
charge load behavior and liner wear characteristics. The research aims to reveal the mecha-
nisms through which particle shape influences liner wear, providing a theoretical founda-
tion for optimizing liner design and enhancing grinding efficiency. The discrete element
simulation analysis in this paper is primarily based on a ®520 mm x 260 mm laboratory-
scale ball mill and does not consider factors such as the fracture of ore and steel balls. It con-
stitutes an exploratory analytical study, offering insights for actual operational conditions.

2. Materials and Methods
2.1. Geometric Model

The Rocky DEM (Rocky-Discrete Element Method) is a discrete element software
package developed by ESSS (Engineering Simulation and Scientific Software Ltd.) based
in Florianépolis, Brazil. As a general-purpose simulation tool grounded in the discrete
element method, Rocky DEM is designed to model the motion, breakage, and wear behavior
of solid particles. It has been widely adopted across various industries, including mining
equipment, construction machinery, chemical processing, metallurgy, food production, and
pharmaceuticals [40]. The software offers several notable advantages: it enables the rapid
and convenient creation of highly complex particle systems and geometries; it accurately
simulates particle dynamics; it allows for the integration of variable physical properties,
such as moisture content and dryness; it features a unique and robust particle breakage
modeling algorithm; it supports both one-way and two-way fluid-structure interaction
simulations through seamless integration with ANSYS Fluent 2024; and it incorporates
advanced parallel computing technologies that support both CPU and GPU acceleration.

In the DEM simulations, the interparticle contact forces during collisions include
material-material, material-steel ball, and liner-material interactions. The calculation of
collisions between materials as well as between steel balls and materials is predominantly
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governed by the selected contact force model. In this study, the normal contact force is
modeled using a hysteretic linear spring model, the tangential contact force is described by
a linear spring-Coulomb limit model, and the particle friction moment is represented by a
linear spring-rolling limit model.

This study uses a $520 mm x 260 mm laboratory-scale ball mill as the prototype.
The interior of the ball mill cylinder features twelve uniformly distributed trapezoidal
liners, with cross-sectional dimensions of 20 mm (upper base), 33 mm (lower base), and
20 mm (height). The mill has an effective volume of 5.37 x 10~2 m? and a critical speed of
58.80 r/min. The geometrical model of the $520 mm x 260 mm laboratory-scale ball mill
is illustrated in Figure 1.

X

Figure 1. Geometrical model of cylinder.

2.2. Particle Model

The DEM simulation is a widely used approach for analyzing the kinematics of
grinding media in ball mills. In studying the motion of charge, researchers often simplify
material particles as spheres or approximate their actual shapes. To investigate the influence
of ore particle shape on the charge motion behavior and the liner wear behavior, this
study uses iron ore particles as the raw material and selects three particle shapes—sphere,
ellipsoid, and polyhedron—for geometric modeling. Among these, the spherical particles
have a vertical aspect ratio of 1, the ellipsoidal particles have a vertical aspect ratio of
1.5, and the polyhedral particles also have a vertical aspect ratio of 1.5. The geometric
parameters of the polyhedral particles are listed in Table 1, and the geometric models of the
three ore particle shapes are shown in Figure 2.

Table 1. Geometric parameters of polyhedral particles.

Parameter Value
Vertical aspect ratio 15
Horizontal aspect ratio 1.0
Number of corners 18
Degree of superquadric surface 2.0
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Spherical particles Ellipsoidal particles Polyhedral particles
Figure 2. Geometric models of the three particle shapes.

2.3. Wear Model

The wear model adopted in the Rocky DEM software used in this study is based on
the Archard wear law [41], and the calculation formula is as follows:

F-s
V= kﬁ 1

where V represents the total volume of material loss in cubic meters (m3 ); F denotes the
vertical force acting on the contact surface in newtons (N); s indicates the total relative
sliding distance between the two surfaces in meters (m); H stands for the material hardness;
and k is the dimensionless wear coefficient.

2.4. DEM Simulation Parameters

The DEM simulation parameters and the ball mill model in this study are based on
Yin’s paper [42], utilizing steel balls as the grinding media and iron ore as the material
particles. The DEM simulation parameters are listed in Table 2.

Table 2. Parameters of DEM simulation.

Parameter Name Value
Iron ore 3883
. . _3
Density (kg-m™) Steel ball, Liner, Cylinder 8100
Iron ore 5.6 x 10°
Shear modulus (Pa) Steel ball, Liner, Cylinder 7.0 x 1010
Poisson’s ratio Iron ore 0.25
Steel balls, Liner, Cylinder 0.28
Iron ore- Iron ore 0.52
.. s L. Iron ore-Steel ball, Steel
Coefficient of static friction ball-Steel ball, Iron 043

ore-Liner, Steel ball-Liner

Iron ore-Iron ore

.. L Iron ore-Steel ball, Steel 0.31

Coefficient of restitution ball-Steel ball, Iron 0.55
ore-Liner, Steel ball-Liner

. .. Iron ore 0.14

Rolling coefficient Steel ball 0.18

Step length (s) 0.01

2.5. DEM Simulation

The numerical softening factor in the DEM simulation model employed in this study
is set to 0.1. The experimental operating parameters are identical for the three ore particle
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shapes with different geometries. The mill cylinder begins rotating at the 1st second, reaches
a steady operating state by the 4th second, and the liner wear calculation commences at the
7th second. The simulation proceeds until the 15th second, at which point data on grinding
media velocity and liner wear are analyzed. The DEM simulation schemes for the three ore
particle shapes with different geometries are detailed in Table 3.

Table 3. DEM simulation scheme.

Parameter Value
Ball mill internal diameter (mm) 520
Ball mill length (mm) 260
Ball mill volume (m?) 5.37 x 1072
Steel ball diameter (mm) 30
Iron ore particle size (mm) 6.7-9.5
Steel ball filling (%) 20
Interstitial filling, the fraction of the spaces
between the balls at rest which is filled 0.8
with powder.
Mill speed (% of critical speed) 70
Liner shape Trapezoid

3. Results and Discussion
3.1. Analysis of Charge Load Behavior

Figure 3 shows the distribution of grinding media motion under conditions involving
particles of different shapes. Under the three different particle shape conditions, the
differences in the distribution of grinding media motion are relatively small. To investigate
the distinctions in their media motion, two characteristic parameters—shoulder angle and
toe angle—are introduced for analysis, as illustrated in Figure 4.

Figure 3. Distribution of charge motion under different particle shape conditions.
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By conducting numerical analysis on the motion characteristic parameters of the
charge group, and analyzing their motion characteristics, it is helpful to optimize the ball
milling parameters. The definitions of the shoulder angle and toe angle are as follows [42]:

Shoulder Angle: The shoulder angle refers to the angle at which the medium group is
lifted and about to fall off the surface of the cylinder.

Toe Angle: The toe angle refers to the angle at which the medium in the discharge area
slides along the surface of the medium group and reaches the highest point on the bottom
surface of the cylinder.

As shown in Figure 4, it is the distribution diagram of the shoulder angle and toe
angle corresponding to different ore particle shapes at the radial cross-section at 15 s. In
the figure, 81 represents the shoulder angle and 6, represents the toe angle. It can be
seen from the figure that the shape of the ore particles has a significant impact on the size
of the shoulder angle and toe angle. The overall trend is that the smoother the particle
shape, the larger the shoulder angle and toe angle. The shoulder angle reflects the height
of the particle when the medium group is lifted to the highest point, that is, the level of
gravitational potential energy obtained by the particle. From the picture, the shoulder
angle of the polyhedron system is 58.04°, and that of the spherical system is 53.97°; the toe
angle of the polyhedron system is 222.13°, while that of the spherical system is 236.67°,
and the difference is significant. Therefore, it can be inferred that the degree of wear on the
liner by different ore systems also varies significantly. Although the height difference at the
highest point position of each system is small, there are obvious differences in the particle
accumulation in the shoulder angle and toe angle regions, especially in the toe angle region,
where the particle accumulation in the polyhedron system is more significant. In addition,
the energy obtained by different ore systems in the cylinder is relatively small, indicating
that the shape of the ore has a relatively limited impact on the shoulder angle.

0,7230.08° ,
180° _

Figure 4. The comparative distribution map of shoulder angles and toe angles for different ore
particle shapes.
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3.2. Analysis of Ore Particle Velocity

To investigate the influence of ore particle shape on their absolute translational velocity
(hereinafter referred to as translational velocity) and absolute rotational velocity (hereinafter
referred to as rotational velocity), the changing trends of translational velocity and rotational
velocity of total particles in different ore systems were analyzed. As shown in Figure 5,
there are significant differences in translational velocity and rotational velocity among
particles in different ore systems. Starting from O s, the particles are in a filling state
at the initial stage, and then fall onto the inner wall of the cylinder under the action of
gravity. Currently, the translational velocity and rotational velocity show rapid increases
and decreases, respectively. At 1 s, the overall velocity of the system begins to rise, mainly
due to the acceleration of the cylinder’s rotation. The translational velocity significantly
increases from 1 s to 4 s, then the growth rate slows down, and around 6 s, the overall ore
system enters a stable falling state. The translational velocities of the three different-shaped
ore particles tend to be consistent, stabilizing at approximately 1.185 m/s.

Regarding the rotational velocity, around 3 s, the rotational velocities of the three
ore systems are relatively close; however, from 3 s to 5 s, the rotational velocity of the
spherical system is significantly higher than that of the ellipsoidal and polyhedral systems,
reaching up to approximately 45 rad/s, while the latter two do not exceed 40 rad/s at their
peaks. From 5 s to 7 s, the rotational velocities of all three ore systems show a downward
trend [31]. Subsequently, the spherical system stabilizes at approximately 30 rad /s with
fluctuations, the ellipsoidal system stabilizes at approximately 26 rad /s with fluctuations,
and the polyhedral system stabilizes at approximately 23 rad /s with fluctuations, and its
fluctuation amplitude is relatively larger. In conclusion, there are relatively small differences
among different ore systems in terms of translational velocity, but significant differences in
rotational velocity. Particularly, the polyhedral particles have the lowest rotational velocity
and the strongest fluctuation, indicating that particle shape has a more significant impact
on rotational motion.

— Sphere
—— Ellipsoid
Polyhedron

14

1.185

N = = = =
~ (o)) e} (] [\
T T T T T

Absolute translational velocity(m/s)

=
[}
T
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Figure 5. Cont.
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Figure 5. The variation in the absolute translational velocity and rotational velocity for different ore
particle shapes.

From the above analysis, it can be seen that when the cylinder operates for 7 s, the
particle system has entered a stable motion state. Therefore, all subsequent studies are
based on this stable stage. Figure 6 shows the average data of the translational and
rotational velocity of the overall particles and different ore particles during the period of
7 s to 15 s. Data analysis indicates that the translational velocity of all ore systems is stably
around 1.18 m/s. Among them, the translational velocity of the ore particles and total
particles in the polyhedron system are 1.23 m/s and 1.19 m/s, respectively, showing a slight
advantage; while the translational velocity of the ore particles in the ellipsoid system is the
lowest (1.15 m/s). In terms of rotational velocity, there are significant differences among
different ore systems: the spherical system leads with a rotational velocity of 29.15 rad/s,
while the ellipsoid (24.74 rad/s) and polyhedron (22.82 rad/s) systems are reduced by
17.3% and 27.8% respectively, and the fluctuation range of the rotational velocity in the
polyhedron system is about 35% higher than that in other systems. This phenomenon
verifies the significant regulatory effect of the shape of ore particles on the rotational
dynamic characteristics.

3.3. Analysis of Liner Wear

The liner is a critical component of the ball mill, serving to protect the cylinder and
lift the charge to enhance motion. The wear evolution process of the liner exhibits a strong
coupling relationship with grinding media dynamics, significantly influencing alterations
in the trajectory of the mill load and improvements in breakage efficiency. Based on the
Archard wear model, the liner wear calculation was initiated at 7 s and terminated at
15 s. To investigate the influence of material particle shape on the liner wear mechanism,
this study analyzed wear characteristics from two perspectives: overall liner wear and
individual liner wear, establishing the relationship between different material particle
shapes and the resulting stress distribution on the liner surface. The wear morphology of
the liner is shown in Figures 7 and 8.
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Figure 9 illustrates the relationship between the overall liner wear displacement (wear
depth, the following are all expressed in terms of displacement) and time evolution. It is
evident that the polyhedral particle system exhibited the maximum wear displacement at
7 s, reaching a cumulative wear depth of 5.23 x 10~* m by 15 s. This represents an increase
of 11.1% and 45.7% compared to the ellipsoidal system (4.71 x 10~* m) and spherical system
(3.59 x 10~ m), respectively. Notably, this phenomenon showed no positive correlation
with the translational or rotational velocities of the particle systems. It is hypothesized that
the underlying mechanism stems from the intermittent point contacts induced by the sharp
edges of polyhedral particles. These discontinuous impacts generate greater cumulative
deformation per unit time compared to the sustained surface contact characteristic of
spherical particles. The modulation effect of geometric morphology differences on the
energy transfer path during collisions serves as the dominant factor.

The calculation formula for the wear and displacement of the liner is:

D(overall) = \/(D?(x) + D2(y) + D*(2)) @)

Among them, D(overall) represents the total wear displacement, while D(x), D(y), and
D(z) respectively denote the wear depth of the liner in the three directions.

To further analyze the axial and radial wear displacement of the liner, the variations in
the overall wear displacement along both the axial and radial directions were investigated
separately, as shown in Figure 10. The results reveal that the cumulative wear depth for the
spherical system was 2.14 x 10~ m axially and 1.89 x 10~* m radially. This corresponds
to reductions of 27.3% and 21.8%, respectively, compared to the ellipsoidal system, and
more substantial reductions of 45.1% and 39.7% compared to the polyhedral system. And
it can be known that, compared with axial wear, the radial wear is greater.

[ 0.00075 0.0015 0.00225
axial displacement (Custom)
m)

(a) Sphere

Figure 7. Cont.
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Figure 7. The axial wear morphology of the liner.
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Figure 8. The radial wear morphology of the liner.
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Figure 10. Axial and radial wear displacement of liner.

The calculation formulas for axial wear displacement and radial wear displacement
are as follows:

D(radial) = \/(DZ(x) + D2(y)) (3)

D(axial) = \/(D2(y) + D2(2)) @)
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Among them, D(radial) represents axial wear displacement, and D(axial) represents
radial wear displacement. while D(x), D(y), and D(z) respectively denote the wear depth of
the liner in the three directions.

To investigate the variation in liner stress, the average normal and tangential stresses
on the liner under stable operating conditions (7-15 s) were analyzed based on the discrete
element contact mechanics model, as presented in Figure 11. The analysis revealed that
the spherical particle system exhibited an average normal stress of 552.8 Pa, representing a
2.24% increase over the polyhedral system (540.7 Pa). Conversely, the polyhedral system
displayed a higher average tangential stress of 151.7 Pa, which was 7.96% greater than
that of the spherical system. Therefore, compared to normal stress, tangential stress (shear
stress) is the main cause of the wear of the liner. The relationship with the rotational velocity
is negatively correlated. Among them, the rotational velocity of the spherical ore particles is
the highest, but the shear stress generated on the liner is the lowest. The elevated tangential
stress associated with the polyhedral system results in more severe liner wear, consistent
with the wear displacement analysis presented earlier.

700
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Figure 11. The variation of liner stress for different ore particle shapes.
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To quantitatively characterize the wear behavior of an individual liner, a specific liner
region measuring 0.1 mm x 0.03 mm X 0.26 mm was selected for analysis. This region
was used to investigate the evolution of wear and its spatial distribution on the single liner
surface, as depicted in Figure 12.

=

Figure 12. Individual liner selection area.

Figure 13 presents the variation curves of radial and axial wear displacement versus
time for the individual liner. The results demonstrate a stepwise increase in wear dis-
placement commencing at 8 s, indicating that the primary wear zone is concentrated in
the toe region. This concentration is attributed predominantly to the impact and shear
forces exerted on the liner by the cascading ore particles. Furthermore, the degree of liner
wear exhibited an inverse correlation with normal stress and a positive correlation with
tangential stress, confirming that tangential stress is the primary governing mechanical
factor in liner wear behavior.
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Figure 13. Axial and radial wear displacement for individual liner.

4. Conclusions

This study systematically investigated the impact of ore particle shape on ball mill
liner wear using Rocky-DEM simulations. The primary conclusions are as follows:

(1) Particle shape significantly influences the flowability of the mill charge. Polyhedral
particles, due to their complex geometry, result in the poorest flowability, whereas
spherical particles facilitate the best flow.

(2) While particle shape has a negligible effect on the translational velocity of the charge,
it substantially affects rotational velocity. Polyhedral particles exhibit markedly lower
rotational speeds.

(38) Liner wear is profoundly affected by particle shape. The wear caused by polyhe-
dral particles is 2.71 times and 1.98 times greater than that caused by spherical and
ellipsoidal particles, respectively.

(4) Shear stress is identified as the core factor dominating liner wear. The polyhedral
particle system generates the highest shear stress, which directly corresponds to its
most severe wear outcome.

(5) The wear on individual liners increases in a stepwise manner along both radial
and axial directions, with the majority of wear concentrated in the toe region of the
charge motion.
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