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Abstract: The ball mill is the preferred equipment for ore grinding, and research on ball mill grinding
technology can save energy and reduce energy consumption. The discrete element method is a
numerical approach used to simulate the behavior of granular materials and has been widely applied in
the study of mineral processing and crushing processes. This article uses EDEM discrete element
software to simulate three different liner structures of ball mills (stepped liner, T-shaped liner, and
inclined liner) and analyzes the motion path of grinding balls in the ball mill. At the same time, by
evaluating the grinding ball height, power, collision type, collision frequency, and relative velocity of
the ball mill, the grinding effect of the three lining plate structures was assessed, and it was found that
the stepped lining plate has certain advantages in its grinding effect. The EDEM discrete element
simulation is in good agreement with the actual working conditions of the ball mill and has good
reference and guidance significance for grinding work.
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1. Introduction

The ball mill is the most historical and widely used grinding equipment in the field of grinding
industry Matsanga, et al. [17] with advantages such as high crushing ratio and crushing capacity, and
the ability to work continuously for a long time. The annual electricity consumption of grinding
equipment accounts for 2% of the world's electricity consumption [2, 37. Therefore, studying the
performance of ball mills and improving the performance and grinding efficiency of pre mills has
become one of the important ways to achieve energy conservation and consumption reduction in
mineral processing equipment [4, 57. In the past, the method of combining theory with experiment is
often used to study the working performance of ball mill. Theoretical analysis has some assumptions
and simplifications on the conditions in the actual grinding process, which has its own limitations. In
terms of experiment, due to high opening cost of ball mill and large experiment cost, experts and
scholars often use small experimental machine to carry out experimental research. However, there are
many factors in the grinding process and the correlation degree is large, so it is difficult to obtain
accurate data. With the rapid development of science and technology, the appearance of numerical
simulation methods provides new ideas for solving the grinding production problems of mill. Finite
element, discrete element and other numerical simulation methods are more and more widely used in
grinding production, which can well explore the energy consumption and grinding effect of ball mill in
the early stage, and have certain economic benefits
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At present, numerical simulation software based on discrete element method is widely used in the
fields of crushing and grinding [6, 7]. EDEM is the representative discrete element simulation software
AmanNejad and Barani [87; ZHANG, et al. [97]. Mu, et al. [10] and Cai, et al. [11] analyzed the
compression crushing and energy consumption of single particle materials in crushers and ball mills
using the discrete element method. Kim et al. investigated the eftects of ball to powder diameter ratio
(BPDR) and powder particle shape on EDEM simulation results and time in planetary ball millsKim, et
al. [127]. Li [13] used discrete element simulation to study the optimal operating parameters of
vibrating screens from amplitude, frequency, which were consistent with actual experimental
results[137].

This article uses the discrete element software EDEM to simulate and experimentally study the
working process of ball mills. Understand the motion trajectory and working process of grinding balls
under three different lining plate structures of ball mills, and analyze the evaluation indicators based on
the grinding ball height, power, collision type, collision frequency, and relative velocity of different
lining plate ball mills, providing a basis for optimizing the structure and improving the performance of
ball mill lining plates.

2. Simulation Experiment
2.1. Principles of Discrete Element Simulation

The basic idea of the discrete element method is to regard the medium as composed of a series of
discrete and independent moving elements (particles), which conforms to the essence of the particle set
[147. Given the size and physical properties of the particle unit, the motion equation of each particle is
established by Newton's second law, and the new displacement of the particle is determined by using the
center difference method [157]. In the simulation process, the motion characteristics (velocity,
acceleration, etc.) of each particle at a specific time are calculated by the contact force, moment and
unbalanced force and moment generated by the collision between adjacent particles, and the motion
characteristics of the whole system are reflected by the characteristics of each particle [167]. In EDEM
software, each particle in the object is considered as an independent unit, and there is contact and
separation between the units. Hertz-Mindlin non-sliding contact model is adopted for element contact
[17,187].
Normal contact force formula

E, = —K,83%/? + C,v, (1)
Where K, is the normal stifthess; 8 is the normal overlap; C, is the normal damping coefficient; v, is

the normal relative velocity.

Tangential contact force formula

F; =k; [ §;dt + Civ; (2)
Where k: is the tangential stiftness; 0. is the tangential displacement of the contact point; C; is the
tangential damping coefficient; v:is the tangential relative velocity.
When the tangential force calculated by Equation (2) is greater than the friction force p I, relative
sliding occurs between particles, and the tangential force formula as follow.

Ft =#5|Fn|nt (3)

2.2. Grinding Process Modeling Principle

The grinding process modeling principle of EDEM discrete element software is mainly to bond the
surrounding small particles at a certain time point, and the cohesive force between the small particles
can be set according to the simulated material properties. As long as the external force is greater than
the cohesive force, the cohesive bond will break, and the small particles will be separated from the
cohesive body, so as to realize the simulation of particle crushing process (as shown in Fig. 1). The
number of bond breakage can be used as the special function data of EDEM material crushing
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simulation, and can be used as an index to measure the damage degree of particles, which can be applied
to the study on grinding effect of ball mill working parameters.

Figure 1.

—

The picture of particles bonding.

2.3. Establishment of Stmulation Model

This experiment is based on the 5070A ball mill of a mining group in Sichuan Province, China. The
most typical lining plate structures in three mines are selected for simulation (stepped liner plate, T-
shaped liner plate, and Ramp liner plate). Due to the large amount of simulation data, the size of the
simulation cylinder is taken as a section with a length of 120mm. The simulation time is based on
reaching the equilibrium position (8s). The specific simulation parameters and discrete element

parameters are set as follows.

Table 1.

Simulation parameters.
Type of liner plate Stepped liner plate T shaped liner plate Ramp liner plate
Height of liner plate/mm 80 115 65

Barrel size of ball mill

Length of Axial length:120mm, diameter:5000mm

Simulation run time/s 8

Mill fill rate 24.75%
Ratio of ball diameter 60:50:40:30=2:2:1:1
Ball mill revolutions/rpm 14.5
Poisson's ratio 0.3
Coefticient of static friction 0.2
Rolling friction coefficient 0.05

Shear modulus /Pa 7x101°0

The simulation of ball mill with three different structure liners is shown in Figure 1.
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Figure 2.
Simulation of Grinding Process of Ball Mill under Different Lining Structure.

The color of the grinding ball represents speed, with red indicating the highest speed and blue
indicating the lowest speed [197]. From Figure 2, it can be seen that during the generation stage of
grinding ball particles to the first lifting stage at 1.5 seconds, due to the relatively small relative motion
between the grinding media, the difference in their states is not significant; However, starting from 2.5
seconds, due to differences in the structure of the lifting strip of the lining plate, the movement and
distribution of the grinding ball after being lifted have shown significant differences. In the ball mill
with stepped liner, the ball is mainly cataract motion, with a small amount of throwing motion. The
right part of the T shaped liner plate has a noticeable throwing motion, while the ramp liner plate is
mainly in a downward manner.
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3. Results and Discussion
3.1. Analysis of Grinding Ball Trajectory

EDEM is a discrete element software, whose core is that each unit cell is a discrete individual [207.
The author randomly selects a single different grinding ball near the cylinder and the outermost layer
for tracking analysis, and depicts the motion trajectory inside the ball mill (Figure 2).

\ .

(a)Close to the cylinder ball (b) Intermediate dead zone ball (c) Outermost grinding ball
Figure 3.
Simulation of motion track of single grinding ball.

It can be seen from Figure 3 that the initial position at the edge of the ball mill is similar to the
motion path of the ball in the middle. After 1-2 circles of operation in the ball mill, the liner plate will be
stably lifted and then the throwing motion will be carried out. The ball in the middle dead zone will
cycle around in a small range. If the ball mill is operated for a long time, the balls in the heavy middle
dead zone will reach the edge of the ball mill from the middle dead zone due to the interaction, so as to
be lifted for throwing motion. However, no matter the throwing movement or the creeping movement
in the middle area, it can contact with the grinding particles to achieve the grinding ettect.

3.2. Comparative Analysis of Ball Height

The liner plate of ball mill, especially the lifting strip, is mainly used to bring the ball to a certain
height so that the ball can fall to a proper position to crush and grind materials with high efficiency
[217. Therefore, the ball height of the ball mill liner is one of the important indicators to evaluate the
quality of the liner and the grinding efficiency. The impact of liner wear on the ball height can be
analyzed through the average potential energy comparison of all the grinding ball media in the ball mill
at the same time.
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Figure 4.
Average potential energy—time curves of grinding ball at different liner plate structures.

Since the origin of the potential energy calculation is at the center of the ball mill cylinder, the
average potential energy of the ball is negative. As shown in Fig. 4, when the ball reaches the
equilibrium position (8s) of circulation, the average potential energy of the ball of the stepped liner plate
is -2.57J, the average potential energy of the ball of the T shaped liner plate is -2.94J, and the average
potential energy of the ball of the ramp liner plate is -2.34J. Since the T shaped liner strip has the most
balls to throw down, the average potential energy of the balls is the largest, and theoretically it has the
best effect on the lifting height of the balls. However, most of the balls in the throwing motion of the T-
shaped liner do not fall into the accumulation area of the ore steel balls, but directly fall onto the liner
plate. This part of the balls do not play an effective role in grinding, but cause loss to the liner plate of
the ball mill.

Through the EDEM software post-processing tool, it can be observed that when the grinding
process is in the balance position, the angle change of the internal ball inclined surface of the ball mill
can judge the change of the effective ball height of the liner plate [227. The smaller the angle of the
inclined surface, the better the lifting effect.

,

L 388.80§ss00, 1512, -33.87)

fi
2. 328e+04, 1200, -31.86)

:

(a) Stepped liner plate (b) T shaped liner plate (c) Ramp liner plate
Figure 5.
Comparison of angle of inclined surface of grinding ball.
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Table 2.

Angle of'inclined surface of grinding ball.

Type of liner plate Stepped liner plate T shaped liner plate Ramp liner plate
Angle of inclined surface/°C 118.7 117.1 125.4

It can be seen from Figure 5 that the angle between the inclined surface of the grinding ball and
the horizontal direction is 1138.7° before the abrasion of the step-shaped liner plate, which is 3% and
9.8% higher than the T-shaped liner plate and the slope-shaped liner plate respectively. From this point
of view, the effect of the step-shaped liner plate on the effective ball height is the best

3.8. Comparison And Analysis of Ball Mill Power

The power of ball mill is one of the most important indicators in the operation process of mill [237.
Under the same rotating speed and filling materials, the larger the power of ball mill is, the more the
unit power consumption is, and the higher the production cost is Tohry, et al. [247]. In the ball mill
EDEM simulation, the instantaneous torque Ti of the mill can be obtained, and then the average torque
T of the mill can be calculated according to the instantaneous torque borne by the mill, and then the net
driving power of the mill can be obtained from the average torque. The driving power here is called net
driving power because other factors such as the transmission efficiency of the mill are not considered
[257. The driving power can be calculated by the following formula.

1 .
T = n—iZ?él T; (4)
2nnT
P = 0 (5)

Instantaneous torque within simulation time can be obtained through EDEM post-processing, as
shown in Figure 6.

T i Torque - Time
Toxe Oim) ; Tk
P Torque - Time . o Torque - Tise
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(a) Stepped liner plate (b) T shaped liner plate (c) Ramp liner plate
Figure 6.

Torque-time Curve of Ball Mill Barrel with Different Liner Structure.

It can be seen from Figure 6 that the torque fluctuation of the ball mill at the early stage of
operation is large, indicating that the stability of the ball mill is poor at the beginning of operation and
gradually becomes stable at the later stage. Calculate the average torque and driving power of ball mill
according to formula (1) and (2), as shown in Table 3.

Table 3.

Calculated values of torque and power.
Type of liner plate Stepped liner plate T shaped liner plate Ramp liner plate
Average torque/Nm 26914.5 28024.3 26431.7
Drive power/Kw 40.8 42.5 40.2

As shown in table 38, the maximum power of ball mill with T shaped liner plate is 42.5Kw. However,
the power of ball mill with step liner plate changes little before and after wearing of liner plate.
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Therefore, under the same working condition, the power consumption of ball mill with step liner plate
can be reduced by 5% on average compared with T-shaped liner plate. This is consistent with the low
operating current of 5070A ball mill compared with 5070B ball mill with T-shaped liner in actual
operation.

3.4. Collzsion Type

The collision in ball mill can be divided into eftective collision and invalid collision. The collision
between materials and grinding balls and liners is effective collision [267]. The more the collision times
are, the greater the material crushing probability is, the better the grinding eftect is Geng, et al. [27]
The useless collision is the collision between liner and grinding ball, which only increases the steel
consumption. Since no material is added in the simulation, the collision between the grinding ball and
the liner plate is determined as invalid collision, and the collision between the grinding ball and the ball
is effective collision. By comparing the percentage of invalid collision in the total collision, the impact of
liner plate structure on the collision type can be analyzed.
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(a) Stepped liner plate (b) T shaped liner plate (c) Ramp liner plate
Figure 7.
Collision type comparison of ball mill.
Table 4.
Invalid collision ratio.
Type of liner plate Stepped liner plate T shaped liner plate Ramp liner plate
Invalid collision ratio 0.90% 1.55% 1.04%

Based on the statistics of the proportion of invalid collision types in Figure 7 to the total collision,
the data in Table 4 is obtained. The collision between the grinding ball and the lining plate of the
stepped lining plate accounts for 0.90% of the total collision; The collision between the grinding ball of
the T-shaped liner and the liner accounts for 1.55% of the total collision; In the worn stepped liner plate,
the collision between the grinding ball and the liner plate accounts for 1.04% of the total collision.
Therefore, under the same working condition, the T-shaped liner plate has the most invalid collision
and the largest steel consumption, while the worn stepped liner plate has more collisions with the
grinding ball than the liner plate before wearing, so the wearing speed of the liner plate will be faster
and faster after wearing.

3.5. Collision Frequency and Relative Speed

The crushing energy of ore crushing is mainly affected by the motion state of the grinding ball
medium, and the main factors determining the motion state of the grinding ball medium are: the
structural parameters of the grinding chamber, the relative linear velocity of the grinding ball medium
and the quality of the grinding medium. The relative velocity of the grinding ball directly determines
the collision energy. When the collision energy is greater than the energy required for ore particle
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crushing, the ore will be crushed. Therefore, when the relative speed is greater than the critical speed of
ore crushing, the more times the balls collide with each other, the better the grinding effect is.

E = Tiny (Gmvf —;mo?) (©)

Where Vi is Relative velocity of ball medium, m/s; V., is minimum relative velocity required for ore
crushing, m/ ; n;is number of particle collisions corresponding to the corresponding velocity.

The graph of relative speed and collision times can be obtained through simulation, and the collision
times at a certain time point under relative speed can be obtained. It has been tested that ore can be
crushed when the ball reaches a collision velocity of 1.7 m/s. In order to observe the number of

collisions at high relative speeds, the abscissa relative speed is truncated and the number of collisions at

relative collision speeds above 1.7 m/s (as shown in Figure 8) is observed and the data is summarized in
Table 5.

Humber of Collisions Number of Collisions - Relative Velocity
47

423

376

329

282

235

188

141

2.4

4.7

1.7 2.0357 23713 2707 3.0426 3.3783 3714 4.0495 4.3853 4.7209 5.0566
Relative Velocity (xs)

(a) Stepped liner plate
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Number of Collisions Number of Collisions - Relative Velocity
20

12

10

1.7 23839 3.08672 3.7518 4.4358 5.1197 5.8037 54876 71715 78555 8.5394
Relative Velocity (as)

(b) T shaped liner plate

Humber of Collisions
7

-

Number of Collisions - Relative Velocity

8.3

58

4.9

42 |

35

28

14

0.7

4G 1.7783 1.8587 1.935 20133 20917 217 2.2483 2.3267 2.405 24833
Relative Velocity (xmfs)

EUEM

(c) Ramp liner plate
Figure 8.
"Number of collisions - relative velocity" for different structural liner.

Table 5.

Statistical Table of Ball Collision Times and Relative Velocity
Type of liner plate Stepped liner plate T shaped liner plate Ramp liner plate
Total number of collisions 29365 14333 25117
Maximum relative velocity of collision /m/s 5.06 8.54 2.48
Collision times above 1.7m/s 144 33 53
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Based on the simulation data statistics, when the mill is operating, the collision times within the
relative speed of 1m/s account for more than 95% of the total collision times, indicating that the ball
mill is mainly ground; It can be seen from Table 5 that the total number of ball collisions of the stepped
liner is the largest, close to 30000, more than twice the number of collisions of the T-shaped liner. In
terms of the maximum relative velocity of the ball, the maximum relative velocity of the T-shaped liner
plate reaches 8.5 m/s, because part of the ball is thrown down. However, the maximum relative velocity
during collision of ramp liner plate is the minimum, only 2.48m/s, and the grinding eftect is the worst.

Intercept the relative velocity above 1.7m/s and the collision times, it can be found that although
the maximum relative velocity of the T-shaped liner plate is the highest, the collision times are far less
than that of the stepped liner plate; The ramp liner is significantly lower than the step liner in terms of
both relative speed and number of collisions. It can be concluded that the stepped liner plate has a great
advantage in terms of collision number and eftective collision.

4. Conclusion

Through discrete element simulation of the grinding process of three diftferent structured lining
plates in a ball mill, analyze the motion trajectory and distribution state of the grinding balls. The
comparative analysis of three different structures of lining plates was conducted using the evaluation
indicators of increasing the height of grinding balls, collision speed, collision type, collision frequency,
and relative speed. The results showed that compared with T-shaped lining plates and sloping lining
plates, the effective ball height of stepped lining plates increased by 3% and 9.3% respectively, the
ineffective collision ratio decreased by 0.65% and 0.15%, the power of T-shaped lining plates decreased
by 5%, and the effective collision frequency was the highest. In summary, stepped lining plates have
obvious advantages in grinding effect and energy consumption, which is consistent with the actual
production results. This indicates that discrete element simulation can be effectively applied to simulate
the grinding process of ball mills.
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