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 This work shows the application of a new breakage model fitted using discrete element 
method (DEM) simulations in laboratory scale, which are used to model the bead motion 
inside the planetary ball mill and also to estimate the energy generated and distributions of 
particles of a dry powder. Thus, the same material can be fitted to various experimental tests 
with varying calibration. The simulations results showed that charge throw trajectory was 
more susceptible to mill speed. Hence, the contact parameters revealed negligible effect on 
grinding dynamics.   

1.Introduction 

Over the last decades, discrete element method (DEM) simulation has 
been considered as a significant numerical tool for computing the 
effect and motion of small number of particles applied in various 
engineering fields such as mathematical and material sciences.  

In 1970s, the DEM was developed by Cundall and Strack (1979) [1] in 
the aim of solve problems associated with rock mechanics. They also 
used distinct element method in the aim of distinguish the soft 
contacts model of finite duration from the event driven method.   

Mishra and Rajamani (1992) [2] used DEM for the first time to simulate 
torque and mill power conforming to the rotating mill speed. Thus, all 
parameters are determined experimentally for various operating mill 
conditions. The results showed that the anticipated torque agrees with 
the experimental results.  

Cleary (2001) [3] investigated the influence of changes in mill 
operating parameters on the change power draw and shape of a 5-m 
ball mill by using DEM modelling. The results revealed that the 
inclusion of particle shape contributes to the enhanced quantitative.  

Gudin et al. (2007) [4] investigated the effect of the friction coefficient 
on the bead movement in  

a bead mill under wet conditions by using DEM simulation. The results 
showed that the bead velocity obtained by simulation was compatible 
with that obtained experimentally. 

Cleary et al. (2008) [5] used a slice model to explore the influence of 
various coarse cement feed sizes in a 36’ semi-autogenous mill by 
using DEM modelling. They showed that breakage in the mills was 
nearly always the result of multiple collisions. They also revealed that 
when using a dynamic breakage model DEM simulations predict 
reasonable fracture rates, particle flow pattern, and product size.  

 

Tavares and Carvalho (2009) [6] established a mathematical model to 
describe the breakage rates of coarse particles in ball mills. The 
simulations results showed that the contribution of particle damage 

and abrasion were negligible in the case of smaller size and a 
remarkable deviation from first order breakage kinetics.    

Rosenkranz et al. (2011) [7] simulated the ball motion in planetary ball 
mills by DEM modelling technique. They also investigate the effect of 
important parameters such as ball filling, friction shall, speed, etc. on 
the ball movement. The obtained results showed a remarkably effect 
of the friction conditions and ball filling ratio.    

Siiria and Yliruusi (2011) [8] investigated the effect of parameters on 
degree of mixing and energy using a simulation based on Newtonian 
mechanics. The results revealed that the choosing of the appropriate 
mixing parameters can improves the final result with less strain on 
the material mixed.   

Wang et al. (2012) [9] investigated the grinding process in tumbling 
ball mills using a DEM based model. Thus, three forms of energy inner 
mills are studied and associated to particle breakage. They revealed 
that the collision energy was more directly related with particle 
breakage.  

DEM simulations were conducted to evaluate the validity of a number 
of hypothesis habitually used in advanced ball mill modelling by 
involving both milling media and particles powder in the simulations 
[10]. 

Additionally, the relationship between mill diameter, particle 
gravitational acceleration, and rotation speed was studied by using a 
series of DEM simulations [11]. 

Daraio et al. (2020) [12] used DEM to simulate the bead movement 
inside two different mills (planetary ball mill and attritor mill) and to 
estimate both the specific energy and the stress energy during 
mechanical milling of γ- and α-alumina. They revealed that the 
formation of α-alumina nuclei was controlled by the stress energy. 
The simulations results showed that the average specific energy and 
stress energy for the planetary ball mill are about 15 and 1000 times 
greater that for the attritor mill, respectively.  

Bibak and Banisi (2021) [13] used a combined physical and DEM 
modelling approach to study particle shape effects on load motion in 
tumbling mills. They showed that cubical particles participated 5 % 
more in the high energy impact action compared to spherical particles 
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and that the simulation time increased by 35 times when the shape 
changes from spherical to cubical.  

Marijnissen et al. (2021) [14] simulated the comminution process in a 
high speed rotor mills by coupling computational fluid dynamics (CFD) 
with DEM. Thus, the obtained data was used to determine the 
minimum mandatory working parameters to reach proper ore 
comminution.     

Ponzini et al. (2021) [15] used coupled CFD-DEM model to simulate the 
dispersion and aerosolization of the drug product powder particles. 
They concluded that it is possible to validate coupled CFD-DEM 
simulations to investigate the carrier aerosolization.  

In our previous work (2021) [16], we studied the simulation of high-
energy ball milling process by using DEM modelling approach. The 
simulations results showed the efficiency of mechanical alloying 
process for low velocities ratios. 

This work aims to investigate the modeling of dry milling in planetary 
ball mill through discrete element method simulations.     

 

2. Discrete element method 

2.1. Contact model 

DEM is a particle based technique where each particle in the flow is 
tracked and all collisions between particles and between particles and 
boundaries are modeled using a contact force low.  

The contact force law is based on a linear spring-dashpot model 
defined by normal and tangential components (Fig. 1).  

 

 

Figure 1. Collisions of balls in normal and tangential directions 

 

 

The normal force is given by: 

𝐹𝐹𝑛𝑛 = −𝑘𝑘𝑛𝑛∆𝑥𝑥 + 𝐶𝐶𝑛𝑛𝜗𝜗𝑛𝑛                                    (1) 

where kn is the normal spring stiffness constant (𝑘𝑘𝑛𝑛 = 4
3

 𝐸𝐸∗�𝑅𝑅∗ 𝛿𝛿𝑁𝑁), Δx 
is the amount of overlap, ϑn is the normal velocity, and Cn is the 

normal damping coefficient (𝐶𝐶𝑛𝑛 = 2�5
6
𝛽𝛽�𝑆𝑆𝑛𝑛𝑚𝑚∗), which determines the 

effective coefficient of restitution. 

However, average overlap of 0.1-0.5 % of the particles diameter and 
spring constant of 106-108 Nm-1 are required.      

In addition, the tangential force is given by:  

𝐹𝐹𝑡𝑡 = min (𝜇𝜇𝐹𝐹𝑛𝑛 ,   𝑘𝑘𝑡𝑡 ∫ 𝜗𝜗𝑡𝑡𝑑𝑑𝑑𝑑 + 𝐶𝐶𝑡𝑡𝜗𝜗𝑡𝑡)                           (2)  

where kt is the tangential spring stiffness constant (𝑘𝑘𝑡𝑡 = 8𝐺𝐺∗�𝑅𝑅∗𝛿𝛿𝑛𝑛), 

Ct is the tangential damping coefficient (𝐶𝐶𝑡𝑡 = 2�5
6
𝛽𝛽�𝑘𝑘𝑡𝑡𝑚𝑚∗), µ is the 

friction coefficient, and ϑt is the tangential velocity. The integral of 
the tangential velocity over the relative behaves as an incremental 
spring that stores energy from the relative tangential motions. The 
total tangential force is limited by the Coulomb’s frictional limit (µFn).   

2.2. Particle shape 

During DEM simulations, the particles are represented as a spheres or 
super-quadrics according to the following equation: 

�𝑥𝑥
𝑎𝑎
�
𝑚𝑚

+  �𝑦𝑦
𝑏𝑏
�
𝑚𝑚

+  �𝑧𝑧
𝑐𝑐
�
𝑚𝑚

= 1                                 (3) 

where m is a constant that determines the shape of the particles and 
the ratios b/a and c/a determine the aspect ratios of the particles. 

For m = 2: elliptical particles are obtained; 

For m = 10 and aspect ratios = 1: cubic particles are obtained;  

For a = b = c: spherical particles are obtained. 

However, the simulation time using super-quadratics is much longer 
than those using spheres.   

In this context, Williams and Pentland (1992) [17] first used DEM 
simulations for modeled 2D shape particles. Thus, Cleary (2004) [18] 
first applied DEM modelling to investigate 3D shape particles.      

3. Mill configuration and simulation parameters 

The ball mill used in this study is a planetary ball mill, utilized in 
laboratory scale (Fig. 2). The powders distribution, the balls 
distribution, and the wear were modeled using DEM approach. The 
simulations of dry mill were conducted by using a standard 
coefficient of restitution of 0.3 and a friction coefficient of 0.75 (ball-
ball and ball-liner collisions) [3]. The charge consisted of powders and 
balls with filling of 40 % of the charge (by volume). The materials 
properties used for simulation are presented in Table 1. The ball mill 
parameters are illustrated in Table 2. The specific gravity of the media 
is equal to 2.7.     

 

Figure 2. Ball mill used in this study 
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Table 1. Materials properties used for simulation 

Parameter  Value 
Poisson’s ratio 0.3 
Young’s modulus (N/m2) 1.8×1011 
Density(kg/m3) 7700 

 

Table 2. Ball mill parameters 

Parameter  Value 
Shaft power (kW) 0.37 
Angular speed (used here) (rpm) 250 
Effective diameter of main disc (mm) 140 
Milling process Dry  
Mill filling (%) 40  
Mill speed (% critical speed) 10-100 
Time step (s) 1.01×10-4 
Ball density (kg/m3)  7700 
Vial density (kg/m3)  7700 
Materials of the milling tools Stainless steel 
Length (mm) 370 
Depth (mm) 530 
Height (mm) 500 
Weight (kg) 50 

 
 

4. DEM simulation results  

The modelling hypotheses are described by starting with the 
identification of the material (contact law), the geometry of mill and 
filling, and the description of the simulation and the post-processing. 
During simulation, all the particles are considered and represented as 
a spherical element.  

The stages of building a model are: 

- Geometry clean-up; 

- Geometry import; 

- Settings the dynamics of model elements; 

- Setting the parameters of model elements;  

- Setting the parameters of bulk materials 

Moreover, the CAD geometry used for simulation is given in Fig. 3.  

 

 

Figure 3. CAD geometry used for simulation 

 

Fig. 4 illustrates the different stages of particle breakage. The powders 
distribution is mainly concentrated near the wall of vial due to the 
high centrifugal accelerations caused by the movement of the vial. 
With an increase in velocity, the powders occupy almost the entire 
volume of the vial space. In addition, the smaller particles, which 
receive large amount of the impact energy, circulate on closed 
trajectories near the wall of vial due to gravity. The results are in 
accordance with those obtained by Hirosawa et al. (2021) [19].  

Moreover, the speed coloring (from blue: slow to red: fast) provides 
information on the charge motion (see Fig.4a-d). Fig.4d shows moving 
particles in high speed, which produce high energy impacts during 
milling (with velocity of 8.56 m/s). It would be considered that the 
number of collisions decreases with increasing energy per collision 
[12].   

   

 

 

Figure 4. Snapshots of particles in planetary mill at different stages 
of particle breakage 

 

Fig. 5 shows the variation of specific energy with particle size. The 
figure demonstrates that the specific energy decreases approximately 
exponentially with increasing particle size from   0.08 to 0.005 kwh/t. 
The specific energy can be divided into two components (normal and 
tangential). Hence, the specific energy is strongly related to mill speed.     

 

Figure 5. Variation of specific energy with particle size 

  

Finally, the presented work gives a semi-quantitative measure of the 
change in milling speed as the liner profile changes.  

 

5. Conclusion 

DEM simulations provide a powerful solution into understanding the 
effect of the parameters on planetary ball mill performance. The 
combination of an increase in energy intensity and collision 
frequency leads to increased probability of breaking a powder particle. 
High energy and low frequency impacts cause body breakage. Liner 
design has an important effect on milling efficiency. Thus, by 
optimizing the design through starting materials, a number of 
enhancements can be made to reduce relining time and to improve 
wear resistance. Also, DEM simulations can be applied to calculate 
collision rates and impact energy spectra of balls in industrial mill.     
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Nomenclature 

DEM : Discrete Element Method 
CFD : Computational Fluid Dynamics 
F : force  
n : normal components  
t : tangential components  
E : Young’s modulus   
G : Shear modulus  
m : mass  
m* : effective mass   
V : velocity 
R : radius 
rel: relative 
δ : overlap  
ε : coefficient of restitution   
µ : coefficient of static friction 
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