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OPTIMIZATION OF THE TRANSMISSION TUBE OF A BALL MILL
BASED ON THE EDEM-WORKBENCH METHOD

Summary

The structural design of the transmission tube significantly influences its mechanical
behaviour under operating conditions, making structural optimization crucial for improving
the performance and reliability of a ball mill. In this paper, the response surface method and
multi-objective genetic algorithm are used to carry out optimization research on the existing
BM4213 ball mill transmission tube structure to address the problem of its large size and size-
related material costs. Firstly, the discrete element simulation of a transmission tube based on
the Altair EDEM software is carried out to analyse the movement of the material in the
transmission tube and determine the load acting on it. Thereafter, the load exerted on the
transmission tube by the material is imported into the static analysis module in Workbench to
obtain the stress and deformation of the transmission tube at full load start-up using the
coupled EDEM-Workbench method. Subsequently, the part of the design to be optimized is
determined based on the results of the static analysis. Finally, a mathematical model of the
transmission tube optimization design is constructed; using the response surface optimization
module in Workbench and a multi-objective genetic algorithm, a comprehensive optimization
design of the transmission tube is carried out. The structural dimensions in the mathematical
model of the transmission tube are adjusted to effectively reduce its stress and mass. The
optimized transmission tube exhibited reductions of 6.735% in mass, 9.188% in maximum
stress, and 16.721% in maximum deformation. This research provides an essential reference
for the optimized design of the BM4213 ball mill transmission tube.

Key words: Ball mill, EDEM-Workbench method, Static analysis, Response surface
method, Optimized design

1. Introduction

Ball mills have been widely used in cement, metallurgy, mining, construction, and other
industries due to their advantages of large crushing ratio, simple structure, strong material
adaptability, and easy handling [1-3]. The main components of a ball mill are the feeding
device, the rotary body, and the transmission device. The rotary body structure is mainly
composed of a transmission tube and a barrel, as shown in Fig. 1. The transmission tube is
one of the key components of the ball mill rotary body; it connects the ball mill barrel to the
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transmission device. The transmission tube has the following main functions: (1) rotate the
barrel of the centre-drive ball mill through the transmission device; (2) discharge the material
that has been ground in the ball mill barrel.

Transmission tube

Barrel

Fig. 1 Structure of the rotary body

When the ball mill is running, the transmission tube is under a variety of loads, such as
bending, shearing, and twisting, which will cause wear, tear, and fracture because of the
impact of the materials after a long-term continuous operation [4—6]. Previous studies on the
transmission tube are scarce, and some of them use the finite element method to check
whether the stress and deformation of the transmission tube meet the design requirements [7].
Few of these studies investigate the movement of the material in the transmission tube. The
research focuses on basic finite element analysis with insufficient attention paid to the
material motion patterns and wear mechanisms [8]. In the structural design of the
transmission tube, advanced algorithms are rarely used to optimize its design [9]. Some
scholars ignore the influence of discrete materials in the strength analysis of the transmission
tube to improve the calculation efficiency, which does not fully comply with the actual
operation of the transmission tube [10,11]. Additionally, few current studies consider the
coupling effect of structural parameters and operational performance, lacking a
comprehensive multi-objective optimization approach and failing to adequately address the
issue of weight reduction and structural integrity [12,13]. To address these limitations, we use
the response surface methodology to optimize the structure while considering multiple
performance objectives and manufacturing constraints, thus achieving significant
improvements in the performance and reliability of the ball mill.

Co-simulation can fully utilize the advantages of multiple numerical analysis software
to effectively solve complex engineering problems and significantly improve the simulation
efficiency [14,15]. Engineering-Discrete Element Method (EDEM) is a mathematical analysis
tool that relies on Newton's Second Law, as well as the Hertz and Mindlin-Deresiewicz
theories of spherical particle contacts. EDEM is mainly used to analyse the processes of flow,
accumulation, crushing, and extrusion of particle materials [16]. It provides a rich set of
visualization and analysis tools that enable users to easily create parametric models of particle
solids and simulate and analyse the loads applied to machine parts. The analysis results can be
directly exported to the structural analysis tool of the user's selection, which greatly facilitates
the user's research and design optimization [17,18]. In this paper, we study the movement of
the material inside the transmission tube based on EDEM, and we obtain the load exerted on
its inner wall by the material. Thereafter, the load data from EDEM is inputted into
Workbench to perform a static analysis of the transmission tube. Finally, the response surface
method and multi-objective genetic algorithm are used to optimize the transmission tube, and
the optimization effect is analysed and evaluated in detail from the perspectives of stress and
deformation to ensure that the optimal design effect is achieved. Figure 2 shows the flowchart
of the overall framework for optimizing the structure of the transmission tube.
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Fig. 2 Flowchart for optimized design

2. EDEM modelling and load analysis of the transmission tube
2.1 EDEM modelling

The discharge port and the blocking plate, two key components of the transmission
tube, are retained in order to maintain their functionality when constructing a simplified
model of the transmission tube. The bolt holes on the transmission tube are ignored to reduce
the computational amount of finite element analysis and improve the computational efficiency
[19]. SolidWorks is used to develop a 3D model of the transmission tube, as shown in Fig. 3.

Fig. 3 3D model of the transmission tube Fig. 4 Particle size setting

The particle radius should be chosen to be as small as possible in order to simulate the
movement of the material more realistically. However, too small particles can lead to
increased computational complexity and reduced computational efficiency [20,21]. After a
comprehensive analysis, the particle radius size is set to Smm, as shown in Fig. 4. That can
improve the calculation efficiency and better simulate the movement of the material while
ensuring the calculation accuracy.

Hertz—Mindlin (no slip) and Standard Rolling Friction are selected for the particle-to-
particle contact model. The Hertz—Mindlin (no slip), Standard Rolling Friction, and Archard
Wear models are selected for the model of the contact between the particles and the
transmission tube to study the wear caused by the particles [22]. The wear constant in Archard
Wear is set to 1x107!2 Pa [23], the transmission tube material is E235C, and the medium is
ore. The specific parameters of material properties are shown in Table 1.
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Table 1 Physical parameters of the model

Parameters Transmission tube Medium
Density 7864 kg/m? 3135 kg/m?
Poisson ratio 0.33 0.25
Static friction coefficient 0.5 0.5
Rolling factor 0.01 0.01
Recovery factor 0.5 0.5
Shear modulus 1x10'0 Pa 1x108 Pa

After grinding in the barrel, the material is discharged from the ball mill through the
discharge port on the transmission tube [24]. A virtual particle plant with a diameter of
1700 mm and a thickness of 10 mm is set up at the inlet of the transmission tube to simulate the
movement of the material. The output of this ball mill is 160 t/h (Fig. 5). Accordingly, the
discharge speed is set to 45 kg/s, and the particles are generated from 0 s. The speed of the ball
mill during the normal operation is 15.6 r/min. Consequently, the speed of the transmission tube
1s set to 1.5 rad/s, and the rotation starts from 0 s. The simulation time is set to 20 s. After
completing the above-mentioned settings, EDEM can simulate the material entering the
transmission tube at a speed of 45 kg/s, and the transmission tube rotates at 1.5 rad/s.

EDEM

Fig. 5 Material particles

2.2 EDEM-based analysis of particle velocity in the transmission tube

In the analysis option of EDEM, we set the display of the particles to colour by velocity
and generate the resultant velocity of the particles after the run is stable. The resultant velocity
of the particles in the transmission tube is shown in Fig. 6. Figure 6(a) shows that the
maximum velocity reaches 2.95 m/s when the particles approach the inner surface of the
transmission tube. This portion of the particles has a high velocity. At the moment of contact
with the transmission tube, this portion will exert an impact on the inner surface of the
transmission tube and cause abrasion. The particles will accumulate in the tube after reaching
the transmission tube and make a centrifugal motion with the transmission tube, as shown in
Fig. 6(a) and Fig. 6(b) in the selected box No. 1. When this portion of the particles moves to
the bottom of the discharge port, it is thrown out of the transmission tube with a velocity
perpendicular to the inner surface of the transmission tube under the effect of centrifugal
stress, as shown in the selected box No. 2 in Fig. 6(c). The selected box No. 3 in Fig. 6(c)
shows that when the particles pass the edge of the discharge port, the velocity of the particles
is perpendicular to the contact surface. At that moment, the particles will impact the discharge
port due to the change in the velocity direction.

Figure 6(a) shows that the leftmost discharge port discharges most of the particles. The
number of discharged particles decreases in order from left to right, and a small number of
particles move near the blocking plate. The flowability of the particles near the blocking plate
is poor. Consequently, the discharge efficiency of the transmission tube can be improved by
properly adjusting the position of the blocking plate.
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Fig. 6 Velocity of the particle motion

2.3 EDEM-based transmission tube wear analysis

Figure 7 shows the transmission tube wear distribution after 20 s of operation. The wear is
mainly concentrated on the inner surface of the transmission tube and near the discharge port.
According to Fig. 6(c), the velocity of the particles at the discharge port of the transmission tube
rapidly changes. The wear depth produced by the particles on the discharge port after 20 s of
operation is 1.27x107 mm. Majority of the particles are concentrated on the inner surface of the
transmission tube after they enter the transmission tube and make a throwing motion. The
maximum wear depth caused by the particles on the inner surface of the transmission tube is
5.07x10”7 mm after 20 s of operation. The comparison shows that the wear depth of the
particles on the discharge port is greater than on the inner surface of the transmission tube.
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Fig. 7 Wear distribution on the transmission tube

2.4 EDEM-based transmission tube load analysis

Figure 8 shows the curve of the material load on the transmission tube as a function of
time. The graph shows that the load on the transmission tube does not change in the period
from 0 s to 0.5 s. Given that the particles have just started to enter at this time and have not
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yet fallen on the inner surface of the transmission tube, the load is zero. The load on the
transmission tube rapidly increases within the 0.5-1.5 s period due to the continuous falling of
particles on the inner surface. In the 1.5-4 s period, the load on the transmission tube is
reduced because some particles are discharged through the discharge port. The particle
discharge speed and the entry speed reach balance within the 4-20 s period, and the
transmission tube is in a relatively stable operating condition. At this time, the load on the
transmission tube decreases and increases within a certain range.

Compressive Force — Time

1.0 2.0 3.0 40 50 6.0 7.0 80 90 10.011.012.0 13.0 14,0 15.0 16.0 17.0 18.0 19,0 20.0
Tine (s)

Fig. 8 Variation in the stress exerted on the transmission tube

The load on the transmission tube stabilizes after 4 s, and the maximum load is 298 N at
7.27 s. The minimal load of 173.196 N is applied at 10.3 s, and the average load is 235.347 N.
In Figure 7, the load on the transmission tube at 6.87 s is close to 235 N. Therefore, the load
applied at that moment is coupled with the static analysis module in the Workbench to
perform a static analysis of it.

3. Static analysis of the transmission tube based on the EDEM-Workbench method
3.1 EDEM-based transmission tube load analysis

A simplified model of the transmission tube is imported into ANSYS Workbench.
Automatic mesh division is applied to the transmission tube. Meanwhile, the grid encryption
is applied to the discharge port. The maximum equivalent stress on the transmission tube is
analysed for grid numbers 186481, 256370, 307858, and 347623. The result showed that the
relative error is 1.1% at the grid number of 307858, and the maximum equivalent stress on the
transmission tube is slightly affected by the grid. Therefore, the meshing of the transmission
tube is carried out with the number of meshes at 307858, as shown in Fig. 9.

0.00 1000.00 2000.00 (mm)

500.00 1500.00

Fig. 9 Meshing of the transmission tube

The starting torque (7=3.42x106 N-m) is loaded onto the right end of the transmission
tube by applying a load to it in the static structural module of the ANSYS Workbench
software. The output load data is imported into Workbench via EDEM in Workbench. The
degrees of freedom (DOF) in each direction of the transmission tube must be limited
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according to the actual operating conditions. The left end of the tube is constrained in a fixed
manner, indicating that the displacement and rotation DOFs in three directions are
constrained. The boundary conditions are set, as shown in Fig. 10. A cylindrical support is
used to constrain the right end, limiting its axial and radial movements and releasing the
rotational DOF.

Fig. 10 Boundary conditions of the transmission tube

Two analysis steps are defined in the analysis setup, each with a step length of 1 s, to
individually monitor the stress and deformation of the material on the transmission tube. The
gravitational acceleration and starting torque are suppressed in the first analysis step to release
the material stress on the transmission tube. The full load is released in the second analysis
step.

3.2 Analysis of the results based on the EDEM-Workbench method

Figure 11(a) shows the equivalent stress of the transmission tube. Under the influence
of material gravity, drive receiver self-weight, and starting torque, the maximum equivalent
stress on the transmission tube occurs at the transition rounding on the discharge port, with a
maximum value of 60.84 MPa. The stress values at both ends of the transmission tube are
small. The equivalent stresses at all locations are less than 47 MPa, except at the transition
rounding on the discharge port. The material of the transmission tube in this study is E235C.
The yield limit of the material is 235 MPa, the maximum equivalent stress is 60.84 MPa, and
the minimum safety factor is 3.86, which is much larger than the general safety factor of 1.5—
2 required by the ball mill [25]. This result indicates that an optimal design may be achieved.

Figure 11(b) shows the deformation of the transmission tube. The deformation
decreases from right to left. The maximum deformation occurs at its right end with a
deformation of 0.927 mm. The minimum deformation occurs at its left end with a deformation
of 0 mm. A targeted solution should be used to optimize the design of the structure in order to
further improve its performance.

(a) Equivalent stress diagram (b) Deformation diagram

Fig. 11 Finite element analysis of the transmission tube
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4. Optimization of the transmission tube based on the response surface method

Response surface method (RSM) is a statistical technique that creates mathematical
models to describe the relationships between multiple design variables and response
parameters through systematic sampling of the design space [26]. This method generates
continuous response surfaces that can predict the system behaviour across the entire design
domain. RSM can efficiently handle complex nonlinear relationships between geometric
parameters and multiple objectives (mass, stress, and deformation) for the transmission tube
optimization; it provides clear visualization of parameter interactions with less analysis than
traditional optimization methods.

4.1  Analysis of the results based on the EDEM-Workbench method

The above static analysis shows that the stress on the transmission tube is concentrated
at the transition corner on the discharge port, and the maximum stress value is much lower
than the allowable value of the material. The stress values at both ends are small.
Accordingly, an optimal design may be achieved. To improve the stability of cement ball mill
operation and save manufacturing costs, in this section, the response surface method is
adopted to optimize the structural design of the transmission tube.

In Fig. 12, the stresses on the transmission tube are mainly concentrated in the middle of
the structure. The structural dimensions of the middle section can be defined by choosing xi
and x» without changing its inner diameter (x;—thickness of the middle structure of the
transmission tube; xo>—length of the middle structure of the transmission tube). The design
variables are taken in the following ranges: 65 mm<x;<75 mm and 3100 mm=<x><3700 mm.
The design variables are expressed in a matrix form as x=(x,x,)".

3700
X2

Fig. 12 Definition of the variable parameters

A 5% reduction in the mass of the transmission tube is set as the optimization target to
achieve a more significant optimization effect: g,(x)=m_ —[m ]<0. (ms =Mx5%=12540 kg).

The transmission tube, which is a key component of the ball mill, transmits torque and
has a role in the discharging of the material. Therefore, the structure of the transmission tube

must be optimized to reduce the stress value and improve the stability of the ball mill during the
operation. The stress minimization of the transmission tube is set as the optimization objective.

The design objectives are expressed in the following formula: f (x)=o(x)=0(x,x,) . In
summary, the mathematical model of this response surface optimization design is as follows:
x=(x,x,)"
& (x)=m, —[m]<0 (M
Jo(x)=0(x)=0(x;,x,)
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4.2 Response surface method employed in the optimization design process

Response surface optimization of transmission tube consists of three main parts:
geometry module, static analysis module, and optimization module. As shown in Fig. 13, the
optimization design process provides an efficient and accurate optimized design of the
transmission tube. In the geometry module, a simplified model of the transmission tube is
established, and the design variables are defined as input parameters. Through the EDEM in
Workbench, the loads obtained in EDEM are coupled into Workbench. After the solution is
completed, the mass, maximum equivalent force, and maximum deformation of the
transmission tube are set as the output parameters, and the corresponding input and output
parameter sets are established. After these parameter sets are imported into the optimization
module, the design of experiments, response surface fitting, and optimization solving will be
carried out sequentially [27]. Finally, after the optimization solution has been reached, the
optimal parameter combination of the transmission tube will be obtained.

Fig. 13 Response surface optimization design process

4.2.1 Experimental design based on central composite design

Central Composite Design (CCD) combines factorial and axial points for efficient
response surface estimation [28]. In the transmission tube optimization, CCD effectively
manages multiple parameters and nonlinear relationships while reducing computational cost
through orthogonal design. These advantages make CCD ideal for balancing performance
objectives within manufacturing constraints. Response surface optimization requires a Design
of Experiments for the transmission tube, which generates multiple sets of experimental
design points based on the range of design variables [29]. In Table 2, nine sets of
representative experimental design points are generated using the CCD method based on
multiple pretests. Design point 1 (P1) corresponds to x1, P2 corresponds to x2, P4
corresponds to the mass of the transmission tube, P5 corresponds to the maximum equivalent
stress, and P6 corresponds to the maximum deformation.

Table 2 Nine groups of experimental design points

Serial number P1 (mm) P2 (mm) P4 (kg) P5 (MPa) P6 (mm)
1 70 3400 12587.52 60.70993 0.889624
2 65 3400 11937.47 67.05997 0.968203
3 75 3400 13241.54 55.36522 0.822140
4 70 3100 11669.20 60.56853 0.833091
5 70 3700 13505.82 61.01291 0.946178
6 65 3100 11087.14 66.91012 0.906794
7 75 3100 12254.84 55.34393 0.769826
8 65 3700 12787.76 67.19563 1.029628
9 75 3700 14228.21 55.57189 0.874475
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4.2.2 Sensitivity analysis

Sensitivity analysis visualizes the effect of each design variable on the output variables
and provides a reference for the optimal design of the transmission tube [30]. The sensitivity
analysis of design variables P1 and P2 on P4, P5, and P6 is shown in Fig. 14. The sensitivity
of P1 and P2 to P4 is positively correlated. This finding indicates that the mass of the
transmission tube increases with the increase in the values of P1 and P2, where the degree of
influence of P2 on the mass is greater than that of P1. Design variables P1 and P2 have
positive and negative sensitivities to P5. The design variable P1 has a greater effect on the
maximum equivalent stress on the transmission tube and is negatively correlated. This notion
indicates that the value of the maximum equivalent stress on the transmission tube decreases
with the increase in the value of P1. The sensitivity of P2 to the maximum equivalent stress in
the transmission tube is small and positively correlated, indicating that the change in length
has almost no effect on the stress. Design variables P1 and P2 have positive and negative
sensitivities to P6. The design variable P1 has a greater effect on the deformation and is
negatively correlated, indicating that the deformation of the transmission tube decreases with
the increase in the value of P1. The sensitivity of P2 to the transmission tube is positive,
indicating that the deformation increases with the increase in P2.

In summary, P1 has the most significant effect on the maximum equivalent stress, and
P2 has the most significant effect on the mass.

100
Pl s—

ml )
B

[ Ps P6
Output Parameters

Local Sensitivity (%)

-50

[ T |

-100

Fig. 14 Sensitivity of design variables P1 and P2 to the mass, maximum equivalent stress, and maximum
deformation of the transmission tube

4.2.3 Selection of the optimization algorithm

According to the optimized design mathematical model (Equation 1), the objective of
this optimized design is to set the minimum stress of the transmission tube and the
mass < 12,540 kg. After the optimization objective is set, the multi-objective genetic
algorithm is selected in the optimization method to solve the mathematical model for
calculation. Approximately 100 groups of initial sample points are set, and each group of
samples is repeated up to 70 times. After completing 596 convergence evaluations, three sets
of optimal design points are obtained, as shown in Table 3.

Table 3 Three groups of optimal design points after transmission tube optimization

Parameters Group 1 Group 2 Group 3
P1 (mm) 74.717 73.892 73.873
P2 (mm) 3117.1 3163.9 3183.8
P4 (kg) 12278 12332 12394

P5 (MPa) 55.57 56.42 56.45
P6 (mm) 0.776 0.794 0.797
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Thereafter, the analysis of the three groups of optimal design points derived from
Table 3 and their comparison are performed. Taking the first group of parameters as the
standard, the rounded values are taken as the actual size of this transmission tube
optimization, as shown in Table 4.

Table 4 Comparison of the dimensional parameters of the transmission tube before and after optimization

Parameters Initial value before Initial value after Rounded values
optimization optimization
P1 (mm) 70 74.717 75
P2 (mm) 3600 3117.1 3117

In Table 4, the value of P1 greatly increases, while that of P2 significantly decreases
after optimization. The maximum equivalent stress of the optimized transmission tube is
reduced from 60.84 MPa to 55.57 MPa, which is a reduction of approximately 8.662%.
Meanwhile, the mass is reduced from 13,200 kg to 12,278 kg, which is a reduction of 6.985%.

4.3 Comparative analysis of stress and deformation before and after optimization

The original transmission tube model is modified in size based on the rounded values in
Table 4. After the modification is completed, a static analysis is performed to verify the
accuracy of the response surface method optimization. The same boundary conditions are set
before and after the optimization of the simplified model of the transmission tube to ensure
the reliability of the comparative analysis (Fig. 10).

4.3.1 Comparison of the transmission tube strength before and after optimization

The maximum equivalent stress values before and after the transmission tube
optimization are shown in Fig. 15. The analysis shows that the maximum equivalent stress
values before and after the optimization occur at the transition rounding on the discharge port.
The maximum equivalent stress before optimization is 60.84 MPa, and that after optimization
1s 55.25 MPa, with a reduction of 9.19%. This indicates that the stress on the transmission
tube has been significantly reduced after optimization.

(a) Maximum equivalent stress before optimization (b) Maximum equivalent stress after optimization

Fig. 15 Comparison of the maximum equivalent stress before and after the transmission tube optimization

4.3.2 Comparison of deformation before and after the transmission tube optimization

Figure 16 shows the deformation before and after the transmission tube optimization.
The analysis shows that the maximum deformation before and after the transmission tube
optimization occurs at their right ends. The maximum deformation before optimization is
0.927 mm, and that after optimization is 0.772 mm. The deformation of the transmission tube
has been significantly reduced after the optimization.
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(a) Deformation before optimization (b) Deformation after optimization

Fig. 16 Comparison of the deformation of the transmission tube before and after the optimization

Structural optimization of the dimensions of the transmission tube is carried out based
on the response surface method and multi-objective genetic algorithm. A better optimization
effect was achieved, as shown by the optimization results in Table 5. The optimized design
reduces the mass of the transmission tube by 6.735% (from 13,200 kg to 12,311 kg), the
maximum equivalent force by 9.188% (from 60.84 MPa to 55.25 MPa), and the maximum
deformation by 16.721% (from 0.927 mm to 0.772 mm). These results show that the
optimized method can effectively improve the performance and reliability of the transmission
tube to meet the requirements of practical applications.

Table 5 Comparison of the response surface method optimization results

Initial value

Initial value after ~ Actual value after Range of
Parameters before e L e
o optimization optimization variations
optimization
P4 (kg) 13,200 12,278 12,311 —6.735%
P5 (MPa) 60.84 55.57 55.25 —9.188%
P6 (mm) 0.927 0.776 0.772 -16.721%

5. Conclusion

The response surface method is used to optimize the structure of the ball mill
transmission tube to resolve the problems of large size and low material utilization. The
optimization is aimed at improving the performance and economic benefits of the ball mill
and provides a more optimized reference solution for practical engineering applications. The
main findings and conclusions of this paper are:

(1) The motion of the material in the transmission tube is analysed by EDEM. The
result shows that at the moment when the materials fall into the transmission tube, they exert
a large impact on the inner surface of the transmission tube and cause wear. After a certain
period of operation, the transmission tube discharge port will wear more than its inner surface.
Although there is some wear on the transmission tube, the overall depth of wear is small and
will not affect the operational safety of the ball mill.

(2) The static analysis of the transmission tube using the EDEM-Workbench method
shows that the maximum deformation of the transmission tube under the full load is
0.927 mm. The maximum equivalent stress is 60.84 MPa, which is much less than the
permissible strength limit of the material (235 MPa). This indicates clearly that there is a
significant improvement in the optimized design of the structure.

(3) Structural optimization of the transmission tube is based on the response surface
method and multi-objective genetic algorithm. The results show that the maximum equivalent
stress, mass, and maximum deformation of the optimized transmission tube are reduced by
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9.188%, 6.735%, and 16.721%, respectively. After optimization, the mass of the transmission
tube is significantly reduced, and the mechanical properties are also improved considerably,
which achieves the optimization goal. These results not only provide firm theoretical support
for the related research but also establish a solid foundation for further exploration and
practical application.
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