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 PARAMETER INFLUENCE ANALYSIS OF BALL MILL 
BASED ON DEM  

Jinfeng ZHANG1, Tie QU2*, Bijuan YAN1, Chunjiang ZHAO1, Qiang BIAN1,  
Zhangda ZHAO1, Biliang TANG2 

Liner ripple height and rotational rate are two important parameters which 
will influence the grinding efficiency of ball mill. In order to choose them 
reasonably, the dynamics equation of grinding media is established. Then the 
discrete element model of ball mill with waveform liner is built. The correctness of 
the established model was verified by comparing it with the experimental data in the 
literature [16]. The influences of liner ripple height and rotational rate on the 
collisions number and useful power as well as impact force are analyzed. The 
results show that with the increase of rotation rate and corrugation height, the 
number of collisions between steel balls and ores, impact force and useful power all 
show a trend of first increasing and then decreasing, while the number of collisions 
between steel balls shows a trend of first decreasing and then increasing, the best 
rotational rate is between 70% and 90%, and the best corrugation height is between 
100mm and 140mm. The results of this paper can provide some reference for the 
optimization of ball mill parameters. 
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1. Introduction 

Ball mills are widely used in the production of minerals and powders and 
have the advantages of large crushing ratio, good crushing effect and high 
applicability. But the problems such as low efficiency, high steel ball 
consumption and liner grinding loss always exist [1-2]. The low efficiency is 
closely related to their liners’ design and rotation rate which is equal to the ratio 
of the rotational speed and critical speed of ball mills [3-6]. However, the 
influence mechanism of such factors is not grasped clearly up to now.  

To solve above-mentioned questions, the shape and structural parameters 
as well as numbers of the liners have been studied by many researchers. For 
example, Weerasekara et. al [7] studied the influence of the lifting bar height and 
face angle of trapezoidal liner on the motion state of the grinding media and 
proposed the design basis of the liner in combination with Davis theory. Liang et. 
al [8] analyzed the motions of grinding media inside a positive polygon angle 
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spiral liner and studied the effect of positive polygon angle spiral liner on the 
efficiency of the ball mill. Wang and Sun et. al [9-10] studied the concave arc of 
the waveform liner and then optimized the parameters of the liner. From the 
literature search, it could be known that the effect of different ripple heights of 
waveform liners on efficiency of ball mills are seldom studied.  

In addition, rotational rate of ball mills has also a great influence on their 
efficiency. With the increase of the rotation rate, the motion of grinding media is 
divided into lagging, throwing and centrifugal motion. When the grinding media 
is in centrifugal motion, the mill does useless work, which would seriously affect 
the grinding efficiency of the mill. To solve this problem, many studies have been 
carried out by related scholars. For example, Li [11] studied the effect of rotation 
rate on the motion and internal collision of the steel-ball and pointed out that as 
the rotation rate increased, the numbers of steel-ball in falling motion increased 
significantly and so the efficiency of the whole machine increased. Cleary et. al 
[12-14] predicted particle flows in grinding processes using DEM. However, the 
mechanism of the effect of rotation rate on the efficiency of waveform liner ball 
mill under different ripple heights was still not clear.  

In this paper, the kinetic equations of grinding media are derived, in which 
the structural parameters of the corrugated liner are contained. And then a discrete 
element model of the corrugated liner is built based on EDEM. More importantly, 
the effects of different corrugation heights and rotational rates on the number of 
particle collisions, useful power, and impact force are analyzed. Therefore, the 
effects of different corrugation heights and rotational rate on grinding efficiency 
are grasped. The results in the paper could lay a theoretical foundation for further 
research on ball mills. And an increase efficiency in the grinding process could 
enhance the competitiveness of the products. 

2. Kinetic equations of grinding media 

The ball mill mainly crushes the ore through the impact force generated by 
the throwing motion of the grinding media. Therefore, the impact force is an 
important parameter for the ball mill. It can be obtained by analyzing the 
detachment angle of the outermost grinding media. The grinding media is 
considered as a "mass system". At the same time, the following assumptions are 
made: there is no friction between the grinding media; there is no relative sliding 
between the grinding media and liner in the rising zone. So the effect of sliding 
friction is ignored. Fig. 1 shows the interaction forces of a representative point A 
of the outermost grinding media. In Fig. 1, the point O stands for the center of the 
ball mill, and the point O1 is the center of the concave arc on the liner. 
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Fig. 1. Force analysis of grinding media (point A) 

 
The equilibrium equation of the interaction forces on point A could be 

written as: 
 0G P N+ + =  (1) 

where G, P, N are the gravitational force of the point A, the centrifugal force 
generated by the rotation of the mill, and the normal force which is exerted by the 
inner wall of the liner, respectively. The projection of each vector in Eq. (1) in the 
line AO1 is given as follows: 

 cos( ) cos 0G N Pα α α+ ∆ + − ∆ =  (2) 
where α is the detachment angle of grinding media, i.e. the angle between 

the line OA and Y-axis; ∆α is the angle between the line OA and O1A. Here, it 
should be noted that the normal force N changes continuously with the rotation of 
the mill. When N=0, the grinding media starts to break away from the inner wall 
of the liner. At this time, the following equation can be obtained:  

2
1cos( ) cos 0mg mRα α ω α+ ∆ − ∆ =                                 (3) 

where ω is the angular velocity of ball mill; g is the gravity acceleration. R1 is the 
gyration-radius of point A.   

Therefore, from the Eq. (3), the detachment angle α can be obtained as: 

 
2

1arccos( cos )R
g
ωα α α= ∆ − ∆  (4) 

in addition, the relationship between β and ∆α in Fig.1 can be obtained according 
to the sine theorem, it is shown as: 
 

sin sin
L r
α β
=

∆
 (5) 

 arcsin( sin )L
r

α β∆ =  (6) 
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where L is the distance from the liner's mass center O1 to the mill center O; r is the 
ripple radius of the waveform liner. β is the angle between the line AO and OO1. 

At the same time, the gyration-radius of R1 can be expressed as: 
 2 2 2

1 cos sinR L r Lβ β= + −  (7) 
and the horizontal and vertical components of the impact force could be obtained 
respectively as [15]: 

 2 2
1 1(sin sin3 )x

hF r dr
g
γ ω θ θ= +  (8) 

 2 2
1 1(3cos cos3 )y

hF r dr
g
γ ω θ θ= − +  (9) 

where γ is the density of the micro-element; r1 is the radius of the element; h is the 
length of the mill; θ is the central angle of the drop point; dr1 is the amount by 
which r1 varies infinitesimally. 

From Figure. 1, it could be known that the range of β is [0, θ1/3], and the 
forces acting on the cylinder wall when the grinding media is in parabolic motion 
can be divided into tangential and normal forces. 

According to the momentum theorem, the normal component force Fn can 
be described as: 
 n ( )n dnF dm v v= −  (10) 
where θ1 is the opening angle of the liner; dm is the mass thrown per unit time during 
the oblique throwing motion, and it can be expressed as: dm=γhωr1dr1/g; vn is the initial 
normal velocity of the media at the landing point, which can be obtained as: 
vn=8vsin3αcosα; v is the impact velocity of the grinding media at the landing point; vdn is 
the final normal velocity of the media at the footing point, with a value of 0.  

Bringing dm, vn, vdn into Eq. (10), the values can be expressed as: 

 3
1 18 sin cosn

hF v rdr
g
γ α αω=  (11) 

since 2 2 2 2
x y n tF F F F+ = + , the tangential force Ft can be obtained as: 

 2 2 2
t x y nF F F F= + −  (12) 

 

3. EDEM Model of ball mill cylinder 

The 3D model of the ball mill cylinder is created in SolidWorks, which is 
shown in Fig. 2 and its specific structural parameters are shown in Table 1. To 
simplify the calculation process, the threaded holes in the liner are omitted during 
the modeling of cylinder. The shape of the liner is shown in Fig. 3, in which the 
minimum thickness is expressed with h1, h1+h2 is the maximum thickness. 
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Table 1 
   Ball mill parameters 

            

Fig. 2. Ball mill cylinder assembly drawing            Fig. 3. Schematic diagram of the liner 
 
The ball mill model which has been created in Solid works is imported 

into the EDEM. Next, the parameters of spherical particles and liner which are 
shown in Table 2 and Table 3 are added in the EDEM pre-processor. And the 
virtual particle plant and rotational speed are set. Finally, the contact type and 
gravity are also needed to be given. At this time, after the step and time of 
simulation as well as mesh size in the solver are given, the EDEM analysis may 
start. The discrete element model is shown in Fig. 4 (a). 

Table 2 
Size parameters of particles (media and ore) 

Table 3 
Material parameters of particles and liner 

Parameter Code name The numerical value 
Cylinder diameter /mm D1 7320 

Valid length / mm h 1250 
Effective inner diameter /mm D2 7166 

Critical speed r/min nc 15.84 
Media fill rate φ 0.29 

Liner thickness /mm d 77 
Steel ball quality /kg m1 38300 

Media porosity ξ 0.38 

 Grinding media Ore 
Size /mm 𝜙𝜙60 𝜙𝜙80 𝜙𝜙50 𝜙𝜙70 𝜙𝜙90 𝜙𝜙100 

Volume/cm3 904.78 2144.66 268.08 1436.76 3053.63 4188.79 
ratio （%） 42.86 57.14 16.13 22.58 29.03 32.26 

Total mass /kg 38300 14147 

 
Shear 

modulus 
E/Pa 

Poisson's 
ratio v 

Density/ 
(kg/m3) 

Recovery 
factor 

Static 
friction 

coefficient  

Rolling  
friction 

coefficient  
Steel 
balls 1e+10 0.3 7850 0.5 0.15 0.05 

Liner 8.154e+10 0.3 7850 0.4 0.15 0.05 
Ore 2.46e+07 0.27 3380 0.5 1.2 0.01 

https://fanyi.sogou.com/?keyword=schematic%20diagram%2Fdrawing&fr=websearch_submit&from=en&to=zh-CHS
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(a) Discrete element model of a ball mill 

cylinder with a waveform liner 

 
(b) Discrete element model of a ball mill 

cylinder with a trapezoidal liner 
Fig. 4. Ball mill cylinder discrete element model 

4. Model validation 

To verify the correctness of the discrete element model of the ball mill 
constructed in this paper, the ball mill grinding media motion parameters and 
discrete element numerical simulation parameters mentioned in the literature [16] 
were selected for validation, and the basic parameters are shown in Table 4. The 
discrete element model is shown in Fig. 4 (b). In this case, the trapezoidal liner 
has an upper bottom of 20 mm, a lower bottom of 33 mm and a height of 20 mm 
in cross section. A comparison of the ball mill cylinder parameters for both is 
shown in Table 5. 
 

Table 4 
Basic parameters in literature [16] 

Parameter Numeric value Parameter Numeric value 
Ball mill barrel diameter

（mm） 520 
Lift bar shape trapezium 

The barrel length of the 
ball mill（mm） 260 

Iron ore density（kg/m3
） 3883 

Diameter of the grinding 
medium（mm） 30 

Iron ore shear modulus
（Pa） 2.6e+09 

Iron ore granular grade
（mm） -9.5+6.7 Iron ore Poisson's ratio 0.25 

Milling medium fill 
rate/φ1 30% 

Diameter of the grinding 
medium（mm） 30 

Iron ore filling rate/φ2 8% 
Density of the grinding 

medium（kg/m3） 8842 

Rotational rate/ψ 65%；75%；85% Modulus of shear of the 
grinding medium（Pa） 7e+10 
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Table 5 
Comparison of the ball mill parameters in this paper with those in the literature [16] 

Parameters This article Ball Mill Literature [16] Ball mill 
Cylinder size /mm ϕ7166×1250 ϕ520×260 

Type of liner Corrugated liner Trapezoidal liner 
Number of liners 24 12 

Critical speed /r/min 15.84 58.8 
 
According to the basic parameters, a discrete element model of the 

trapezoidal liner ball mill is established, and the variation curves of the average 
power and average angular velocity of the ball mill with the rotation rate are 
obtained as shown in Fig. 5. 
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(b) Average angular speed of grinding media 
Fig. 5. Comparison between DEM simulation and literature [16]  

 
As can be seen from Fig. 5, the simulation results tend to be consistent 

with the experimental results of literature [16]. With the increase of rotational 
rate, the average power shows a trend of increasing and then decreasing, and the 
average angular velocity of the grinding medium shows a trend of gradually 
increasing. It could be seen that the maximum relative errors of the average power 
and angular velocity of the grinding medium are 2.23% and 8.2%, respectively, 
which proves that the correctness of the discrete element model in this paper. 

 5. Results analysis  

Fig. 6 gives particle flows at different operation state. As can be seen from 
Fig. 6, the running state of ball mill can be divided into three stages: falling stage, 
starting stage, and stabilization stage. Among them, the falling stage is mainly the 
generation stage of grinding media and ores, and the particles are mainly 
concentrated at the bottom of the cylinder due to the influence of gravity. The 
start-up stage is a acceleration process of the ball mill, in which the ores start to be 
lifted due to the operation of the ball mill, but at this time, due to the low 
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rotational speed, the ores and the grinding media mainly do lagging motion, and 
so the grinding efficiency is low. The stable stage is the operation state after the 
mill speed reaches the steady-state, in which due to the larger rotational speed, the 
ores and the grinding media mainly do throwing down motion, and the grinding 
efficiency is high. 

 

 

(a) blanking stage 

 

(b) start-up stage 

 

(c) stabilization stage 
Fig. 6. Particle flows at different running state 

 

5.1 Effect of rotational rate on operating efficiency 
Suppose the rotational rates are 60%, 70%, 80% and 90%, the 

corresponding rotational speeds are equal to 9.50 r/min, 11.09 r/min, 12.67 r/min 
and 14.26 r/min, respectively. The liner height is 120 mm. Under these conditions, 
the number of inter-particle collisions and mill’s useful power as well as impact 
force were calculated as shown in Fig. 7-9.  
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(a) Steel ball ϕ60 
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(b) steel ball ϕ80 

Notes: ϕ50，ϕ60，ϕ90 and ϕ100 are different sizes of ore 
Fig. 7. Collision number between steel ball and ores at different rotational rates 
 
As can be seen from Fig. 7, the collisions number between the steel balls 

and ores increases and then decreases with the increase of rotational rate at the 
same corrugation height and the maximum collision number with the steel balls 
ϕ60 and ϕ80 are 11308 and 7072, respectively. Among the four rotational rates, 
the best one is 80%. In addition, the grinding media mainly does the lagging 
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motion when the rotational rate is equal to 60%. When the rotational rate is 100%, 
the media will do centrifugal motion. But with a 70% to 90% rotational rate, the 
mill mainly relies on the media's falling motion to improve the its efficiency. 
Therefore, the best rotation rate range is selected as 70%~90%. 
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Fig. 8. Collision number between steel balls and 
useful power at different rotational rates 
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Fig. 9. Impact force at different rotational 

rates 
 
From Fig. 8, it can be seen that under the same corrugation height, the 

collision number between steel balls first decreases and then increases with the 
increase of the rotational rate. However, the curve of useful power shows a trend 
of increasing first and then decreasing. The maximum useful power is gotten 
when the rotational rate is 80%. Since the collision between the steel balls is 
invalid, it is useless for grinding ore. Therefore, when the collision number 
between steel balls are the lowest, the useful power is conversely highest. 

As can be seen from Fig. 9, the impact force shows a trend of first 
increasing and then decreasing with the increase of the rotational rate. The impact 
force of steel ball can be divided into tangential force and normal force, and only 
the normal force is used to crush the ores. Therefore, the larger the normal force 
is, the better the crushing effect is and the higher the grinding efficiency is. In this 
paper, the value of normal force is ranked as ψ=80%> ψ=90% > ψ=70%> ψ=60%. 
It can be concluded that the maximum normal force is 4.771×105N when the 
rotational rate is equal to 80%, indicating that the optimal rotational rate is 
between 70%~90%.  

5.2 Effect of liner ripple height  
When the rotational rate is 80%, the collision number and the useful power 

as well as impact force with different ripple heights of 80 mm, 100 mm, 120 mm 
and 140 mm are analyzed, respectively. The results are shown in Figure. 10 -12.  
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(a) steel ball ϕ60 
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(b) steel ball ϕ80 

Notes: ϕ50，ϕ60，ϕ90 and ϕ100 are different sizes of ore 
Fig. 10. Collision times of steel ball and ores at different ripple heights 

 
Fig. 10 shows that the collision number between steel balls and ores first 

increases and then decreases with the increase of corrugation height. And when 
the corrugation height is 120mm, the maximum collision number of steel balls 
ϕ60 and ϕ80 are 11308 and 7072, respectively. And the best corrugation height 
range is 100~120 mm.  
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Fig. 11. Collision times and useful power 
between steel balls vary with ripple height 
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Fig. 12. Change curve of impact force with 

ripple height 
 
As can be seen from Fig. 11, the collision number between steel balls 

decreases with ripple height of 80 and 120 mm, and starts to increase after ripple 
height 120 mm. But the useful power shows the trend of increasing first and then 
decreasing when the corrugation height changes. It can be concluded that when 
the corrugation height is 120mm, the useful power of the mill is the highest, 
which means the corrugated liner with the height of 120mm is the best, and at this 
time the mill efficiency is the highest and the grinding effect is the best. In 
addition, the best corrugation height is between 100~140mm.  

As can be seen from Fig. 12, with the increase of corrugation height, the 
impact force shows a trend of increasing first and then decreasing. And the normal 
force is ranked as follows: h2=120>h2=140>h2=100>h2=80. It can be concluded 
that when the corrugation height is 120mm, the normal force of the mill is the 
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largest, and the maximum is 4.771×105N, indicating that the corrugated liner with 
a height of 120mm is the best, and the best corrugation height is between 
100~140mm. 

6. Conclusion 

In this paper, the 3D model of the ball mill cylinder is created in Solid 
works, and then is imported into the EDEM. The correctness of the modeling 
method in this paper was verified by comparing the simulation with the 
experimental results in the literature [16]. Next, the number of particle collisions, 
useful power and impact force at different rotational rates and liner ripple height 
were analyzed. And the following conclusions can be drawn. 

1) Under the same corrugation height, with the increase of rotational rate, 
the collision number of steel balls and ores, impact force, and useful power show 
a trend of increasing first and then decreasing, while the number of collisions 
between steel balls shows a trend of decreasing first and then increasing. The best 
rotational rate is between 70% and 90%.  

2) Under the same rotation rate, with the increase of corrugation height, 
the collision number of steel balls and ores, impact force, and useful power show 
the trend of increasing first and then decreasing, while the number of collisions 
between steel balls shows the trend of decreasing first and then increasing. The 
best corrugation height is between 100~140mm.  

The results of this paper could provide some reference for the optimization 
scheme of the ball mill.  
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