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Abstract 

The dissipated energy received by the particles during collisions in a 

high-energy ball-milling can vary due to the breakage and/or aggregation of the 

particles, that is, a change in the particle size. To investigate the energy variations, a 

numerical analysis of the behavior of particles and balls in a planetary ball mill was 

carried out under various conditions, considering different sizes and numbers of 

particles and balls using the discrete element method (DEM). The variable sizes and 

numbers of particles and balls affected the contact force, collision frequency, and types 

of particle collisions, resulting in variations in the dissipated energy distribution and 

specific dissipated power, even at a constant ball-to-particle filling mass ratio (BPR). 

The variation in specific dissipated power was expressed as a function of the sizes of the 

particles and balls and the BPR. According to the obtained empirical formula, the 

particle-to-ball size ratio strongly affects the specific dissipated power rather than the 

BPR. The results suggest that based on the energy variations with particle size and 

number, using balls of appropriate size and number can control the dissipated energy of 

particles, which may lead to the designing of energy-efficient milling processes. 
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Planetary ball mill; Dissipated energy; DEM; Ball-to-particle filling mass ratio; Ball 
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1. Introduction 

 High-energy ball mills, which include planetary ball mills, vibratory mills, and 

stirring mills (attritors), are widely used in various mechanical particle fabrication 
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processes, such as grinding, alloying, and mechanochemical reactions (Baláž et al., 

2014, 2013; Dreizin and Schoenitz, 2017; Fuentes and Takacs, 2013; Leonardi et al., 

2018; Mucsi, 2019; Suryanarayana, 2001) in many industries, ranging from coarse 

mineral ore to submicrometer-sized fine drug powder. The mechanical energy applied to 

the particles during milling in high-energy ball mills determines the properties and/or 

performance of the resultant particles. However, multiple factors such as operating 

conditions and physical properties of the particles affect the applied mechanical energy. 

The ball-to-particle filling mass ratio (BPR), defined as the amount of particles and 

balls placed in the mill pot, plays an important role in controlling the dissipated energy 

of the particles. Planetary ball mills are one of the most frequently used high-energy 

mills owing to their structural simplicity and good operability. Many researchers have 

used planetary ball mills with adjusted BPR to produce fine particles with controlled 

properties (Arnache et al., 2016; Chicardi et al., 2017; Chmielewski et al., 2010; 

Ghayour et al., 2016; Gotor et al., 2013; Hosseinzadeh et al., 2014; Li et al., 2020; 

Matijašić et al., 2008; Matsuoka et al., 2010; Patil and Anandhan, 2015; Shashanka and 

Chaira, 2015). Chmielewski et al. (2010) and Shashanka and Chaira (2015) 

demonstrated that for a mechanical alloying process conducted using a planetary ball 

mill, the average size of the milled particles was reduced by increasing the BPR. Even 

when the BPR is held constant, the sizes and numbers of particles and balls can 

significantly affect the properties of the resultant particles (Asadrokht and Zakeri, 2018; 

Bitterlich et al., 2014; Hien et al., 2012; Kuziora et al., 2014; Marin and Deleu, 2014; 

Vijay et al., 2013). Therefore, both BPR and sizes and numbers of particles and balls 

must be adjusted appropriately to control the properties of the resultant particles. When 

planetary ball mills are used, breakage and/or aggregation of the particles largely affect 
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the particle size and number, making precise control of the mechanical energy difficult. 

 Obtaining desired control of mechanical energy during milling is difficult to 

achieve solely by experimental approaches. Therefore, numerical simulation of the 

particle and ball behaviors using the discrete element method (DEM) (Cundall and 

Strack, 1979) has been used to estimate the mechanical energy. Agrawala et al. (1997), 

Mori et al. (2004), and Panjipour and Barani (2018) demonstrated that the DEM 

simulation can compute the ball behaviors accurately in tumbling mills by verifying the 

agreement of the calculated behaviors with the experimental one recorded using a 

high-speed camera. In case of planetary ball mills, where the motion of the balls is more 

aggressive than in tumbling mills, DEM can accurately simulate the behavior of the 

balls by comparison with actual behaviors (Rosenkranz et al., 2011). Moreover, DEM 

simulation has been used to estimate the mechanical energy related to particle breakage. 

Gudin et al. (2006) and Mori et al. (2004) reported the particle breakage rate and the 

estimated impact energy of grinding balls to be correlated irrespective of grinding 

conditions in a wet tumbling mill process. In planetary mills, Mio et al. (2004a, 2004b) 

demonstrated that the particle breakage rate was proportional to the impact energy of 

grinding balls. Therefore, DEM is a powerful tool for simulating solid particle behaviors 

and for obtaining the particle mechanical energy in planetary ball mills. 

 The simulation results (at least the ball motion in the vessel) must be verified 

through a comparison with the corresponding experimental data. Actually, some 

investigations confirmed that the calculated ball motion in a planetary mill was well 

coincided with the experimental observation using a high-speed camera as mentioned 

above. Based on the facts, Ashrafizadeh and Ashrafizaadeh (2012) produced noticeable 

results from the simulations; the total impact energy proportionably increased with an 
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increase of ball filling ratio in a planetary mill, although they showed no experimental 

data for directly confirming the validity of calculation results. Geissbuhler and Sawley 

(2013) also demonstrated in the absence of experimental data that an increase of particle 

filling mass led to a drastic reduction of the energy dissipation in a planetary mill. Based 

on the investigation by Geissbuhler and Sawley (2013), Mishra et al. (2015) proposed a 

multi-scale modeling approaches for a comminution. Moreover, the DEM simulation by 

Gusev et al. (2020) found that greatly larger impact energies were generated in a 

planetary mill with a square-shaped pot compared with that with a general cylindrical 

pot. 

Using the mechanical energy obtained by the DEM simulation, various 

analyses of particle breakage can be performed. In particular, the dissipated energy can 

be used for the analysis of particle breakage rather than the impact energy. This is 

because the dissipated energy represents the energy loss during a collision, while the 

impact energy indicates the maximum kinetic energy associated with a collision. For 

example, the dissipated energy was used in a tumbling mill by Datta and Rajamani 

(2002) and Capece et al. (2014) to describe a numerical approach for evaluating the 

particle size and for formulating a particle breakage rate constant, respectively. 

Carvalho and Tavares (2013) and Tuzcu and Rajamani (2011), using the dissipated 

energy, investigated effects of operating conditions on particle breakage rates in a 

tumbling mill and in a SAG mill, respectively. Also in a stirred media mill, a multiscale 

modelling method to predict and optimize grinding processes was developed using the 

dissipated energy (Beinert et al., 2018). Cleary and Owen (2019) and Scott et al. (2021) 

investigated dissipated energy distributions to find milling conditions that particles can 

receive large dissipated energies in a SAG mill and in a jet mill, respectively. In 
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planetary mills, several researchers have analyzed the dependence of dissipated energy 

on the size and number of particles at a constant particle size and/or BPR (Ashrafizadeh 

and Ashrafizaadeh, 2012; Geissbuhler and Sawley, 2013; Hirosawa et al., in press). 

Therefore, to study the effects of the sizes and numbers of particles and balls on the 

dissipated energy with respect to the particle breakage stage during milling at various 

BPRs, the dissipated energy of particles must be analyzed under conditions of varying 

sizes and numbers of particles and balls. 

 This study systematically investigated the dependence of dissipated energy on 

the sizes and numbers of particles and balls at various values of BPR. We numerically 

analyzed the behavior of the particles and balls in a planetary ball mill under various 

milling conditions, considering different sizes and numbers of particles and balls 

attained using DEM simulations. As a model milling process for the simulation, the 

grinding process for silica glass particles (Capece et al., 2014) was employed in a 

planetary ball mill. To determine the parameters that affect the dissipated energy, we 

proposed an empirical formula that uses the sizes of particles and balls and the BPR as 

variables to describe dissipated energy. 

 

2. Numerical analysis 

2.1 Definition of dissipated energy 

 The dissipated energy (E) of particles can be defined as the energy dissipated 

by the damping force during a single contact. The damping force was determined by a 

dashpot in the DEM simulation during impact milling according to literature (Capece et 

al., 2014; Datta and Rajamani, 2002; Wang et al., 2012). The formula for dissipated 

energy is as follows: 
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c

n n t t0
( d d )= +

t

E F δ F δ , (1) 

where Fn and Ft are the normal and tangential damping forces of a particle, respectively, 

δn and δ t are its overlaps with the colliding particle, and tc is the contact period. The 

total dissipated energy of particles was obtained by summing E for all particle collisions. 

The specific dissipated energy and the specific dissipated power were obtained by 

dividing the total energy with filling particle mass and by dividing the specific 

dissipated energy with milling time, respectively. To study the effects of the sizes and 

numbers of particles and balls on the specific dissipated power in detail, the dissipated 

power was analyzed separately by classifying it into three collision categories, namely 

particle-to-ball, particle-to-wall, and particle-to-particle collisions. 

 

2.2 DEM simulation 

To obtain the dissipated energy of particles, the motion of the particles and 

balls was simulated using DEM in a planetary ball mill under dry conditions (Hirosawa 

et al., 2019). We used an in-house DEM code for the simulation, that is based on the 

method proposed by Tsuji et al. (1992), and the Hertz-Mindlin contact model was used 

to estimate the contact force. The parameters used in the simulations are listed in Table 

1. Generally, the contact parameters strongly affect the dissipated energy; hence they 

should be distinguished for collision types. However, within the range of conditions in 

this work, the variations in dissipated energy distribution with particle size were 

significantly larger than those with contact parameters as shown in Figs. S1a and S2a in 

the supplementary information. Moreover, variations in the dissipated energy 

distribution with respect to the ball size and BPR were almost the same as those even 
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when the contact parameters were changed widely (Figs. S1b, S1c, S2b and S2c). The 

results confirmed that we can investigate the variations in dissipated energy with sizes 

and numbers of particles and balls using representative contact parameters. Accordingly, 

as representative contact parameters, those used by Capece et al. (2014) were employed. 

Moreover, irrespective of the sizes and numbers of particles and balls, the densities of 

the particles and balls and the contact parameters were the same as those used by 

Capece et al. (2014). The revolution speed was kept constant at 600 rpm. To observe the 

variations in the dissipated energy of the particles with respect to sizes (Dp, Db) and 

numbers (Np, Nb) of particles and balls at various BPR values, the dissipated energies 

corresponding to the parameters given in Table 2 were calculated. In simulation run 

numbers 1–37 (Table 2), both Dp and Np were changed individually at various BPR 

values and a constant Db value in each simulation to investigate the variations in the 

dissipated energy with respect to the particle breakage stage. In contrast, in simulation 

run numbers 38–62, the energy variations with respect to Db and Nb were investigated at 

a constant Dp. In this study, the total mass of the balls was kept constant (37.7 g) in all 

simulations, while the BPR was varied between 5 and 30, as shown in Table 2. Fig. 1 

shows the change in specific dissipated power with the milling time for 100 revolutions 

of the mill pot under the conditions of run No. 1 as an example. The specific dissipated 

power varied periodically within a certain range after t = 0.1 s. Therefore, the total 

simulation time was 0.3 s, and the energy data was collected during the last 0.2 s. 
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Fig. 1. Typical change in specific dissipated power of particles with milling time. 
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Table 1 

Parameters used in simulations. 

Number:  

Ball 8–52 

Particle 18–6704 

Ball/particle filling mass ratio (BPR) 5–30 

Ball/particle filling volume ratio 2.7–16 

Diameter:  

Ball 7.0–13.1 mm 

Particle 0.67–4.0 mm 

Density*:  

Ball, wall 4000 kg/m3 (alumina) 

Particle 2150 kg/m3 (silica glass) 

Pot volume 45 cm3 

Pot diameter 40 mm 

Pot depth 35.8 mm 

Revolution speed 600 rpm 

Revolution radius 67 mm 

Rotation-to-revolution speed ratio –1 

Time step 250 ns 

Contact parameters:  

Poisson’s ratio* 0.3 

Young’s modulus* 1×107 Pa 

Coefficient of restitution* 0.75 

Sliding friction coefficient* 0.75 

Rolling friction coefficient* 0.02 

*Capece et al. (2014) 
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Table 2 

Sizes and numbers of particles and balls used in simulations. 

Run No. 

Particle 

diameter, 

Dp [mm] 

Number of 

particles,  

Np [–] 

Ball 

diameter, 

Db [mm] 

Number of 

balls, 

Nb [–] 

BPR [–] 

1 4.0 18 10.0 18 30 

2 2.7 59 10.0 18 30 

3 2.0 140 10.0 18 30 

4 1.6 273 10.0 18 30 

5 1.3 476 10.0 18 30 

6 1.0 1120 10.0 18 30 

7 0.80 2188 10.0 18 30 

8 0.67 3724 10.0 18 30 

9 4.0 21 10.0 18 25 

10 2.7 70 10.0 18 25 

11 2.0 167 10.0 18 25 

12 1.6 326 10.0 18 25 

13 1.3 568 10.0 18 25 

14 1.0 1336 10.0 18 25 

15 0.80 2609 10.0 18 25 

16 0.67 4442 10.0 18 25 

17 4.0 26 10.0 18 20 

18 2.7 88 10.0 18 20 

19 2.0 209 10.0 18 20 

20 1.6 408 10.0 18 20 

21 1.3 711 10.0 18 20 

22 1.0 1672 10.0 18 20 

23 0.80 3266 10.0 18 20 

24 0.67 5559 10.0 18 20 

25 4.0 52 10.0 18 10 

26 2.7 177 10.0 18 10 

27 2.0 419 10.0 18 10 

28 1.6 818 10.0 18 10 

29 1.3 1425 10.0 18 10 

30 1.0 3352 10.0 18 10 

31 0.80 6547 10.0 18 10 
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Run No. 

Particle 

diameter, 

Dp [mm] 

Number of 

particles, 

Np [–] 

Ball 

diameter, 

Db [mm] 

Number of 

balls, 

Nb [–] 

BPR [–] 

32 4.0 105 10.0 18 5 

33 2.7 354 10.0 18 5 

34 2.0 838 10.0 18 5 

35 1.6 1637 10.0 18 5 

36 1.3 2829 10.0 18 5 

37 1.0 6704 10.0 18 5 

38 2.0 140 7.0 52 30 

39 2.0 140 8.5 29 30 

40 (3)* 2.0 140 10.0 18 30 

41 2.0 140 11.5 12 30 

42 2.0 140 13.1 8 30 

43 2.0 167 7.0 52 25 

44 2.0 167 8.5 29 25 

45 (11)* 2.0 167 10.0 18 25 

46 2.0 167 11.5 12 25 

47 2.0 167 13.1 8 25 

48 2.0 209 7.0 52 20 

49 2.0 209 8.5 29 20 

50 (19)* 2.0 209 10.0 18 20 

51 2.0 209 11.5 12 20 

52 2.0 209 13.1 8 20 

53 2.0 419 7.0 52 10 

54 2.0 419 8.5 29 10 

55 (27)* 2.0 419 10.0 18 10 

56 2.0 419 11.5 12 10 

57 2.0 419 13.1 8 10 

58 2.0 838 7.0 52 5 

59 2.0 838 8.5 29 5 

60 (34)* 2.0 838 10.0 18 5 

61 2.0 838 11.5 12 5 

62 2.0 838 13.1 8 5 

*Runs No. 40, 45, 50, 55, and 60 are the same as runs No. 3, 11, 19, 27, and 34, respectively. 

 



13 
 

3. Results and discussion 

3.1 Effect of size and number of particles on dissipated energy 

 The results obtained from the simulation in this work are shown below. Fig. 2 

illustrates snapshots of the states of the particles and balls in the mill pot at different 

values of Dp and BPR. Large and small Dp mimic the early and final stages of particle 

breakage, respectively. A decrease in the Dp at a constant Db represents a progress of the 

particle breakage stage by milling. Under all conditions, the balls were packed near the 

wall of the mill pot, even when the particle size was changed. The action is justified by 

the strong centrifugal acceleration induced by the planetary motion. Notably, at high 

BPRs, the small particles tended to gather near the wall because of their ability to pass 

through voids between the balls. In contrast, at low BPRs, the void spaces near the wall 

were almost entirely occupied by the particles, and a large number of particles were 

located not only near the wall of the mill pot but also around its center. The similar 

particle behaviors were observed in a tumbling mill (Cleary and Morrison, 2011). The 

particles were packed at the shoulder region in the tumbling mill at high BPRs. In 

contrast, at low BPRs, the particles were located not only at the shoulder region but also 

at the toe region. These results show that, at high BPRs, the particles tend to gather in 

certain regions in the mill pot in planetary mills as well as tumbling mills. Therefore, in 

planetary mills, particles may receive large amounts of the dissipated energy via 

particle-to-ball and particle-to-wall collisions at high BPRs and via particle-to-ball and 

particle-to-particle collisions at low BPRs. 
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Fig. 2. Snapshots of behaviors of particles and balls mimicking various stages of 

particle breakage at different values of BPR (Db = 10 mm). 

 

 To analyze the dissipated energy, normal damping force was used. This is 

because the dissipated energy generated by the normal damping force was significantly 

larger than that by the tangential force in this system. For example, in run No. 1, the 

values of specific dissipated power in the normal and tangential directions were 0.21 

kW/kg and 0.016 kW/kg, respectively. The observation confirmed the limited impact of 

tangential damping force on the dissipated energy. Fig. 3 shows the variations in 
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dissipated energy distribution of all collisions (i.e., total of particle-to-ball, 

particle-to-particle, and particle-to-wall collisions) with Dp at different BPRs. 

Irrespective of the BPRs, the significant decrease in the dissipated energy with 

decreasing Dp was observed due to reductions in a single particle mass. 

Fig. 3. Effect of Dp on dissipated energy distribution of all collisions at different values 

of BPR (Db = 10 mm). 
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 To investigate the effects of Dp, Db, and BPR on dissipated energy, which 

successively contributes to particle breakage, we estimated the specific dissipated power 

(Es) for particles that exceeded the threshold energy (Eth) for particle breakage. 

According to Capece et al. (2014), the particle fracture begins when E surpasses Eth. 

The Eth for a single particle collision is defined by Eq. (2) (Capece et al., 2014): 

Eth = Eminmp/Dp,  (2) 

where mp refers to the mass of a single particle and Emin is a size-independent material 

property referred to as the Eth of breakage, as proposed by Capece et al. (2014); for 

example, Emin = 2.6×10–3 J∙m/kg for silica glass particles. In this study, when Dp was 

changed from 4.0 to 0.67 mm, Eth decreased from 4.6×10–5 to 1.3×10–6 J. Fig. 4 

demonstrates the variations in Es with Dp for the three different collision types, at BPR 

values of 30 and 5 (run numbers 1–8, 32–37). The values of Es for particle-to-ball and 

particle-to-wall collisions were greater than that of particle-to-particle collisions at BPR 

= 30. However, at BPR = 5, Es for particle-to-particle collisions was larger than that of 

particle-to-wall collisions. This is because the void spaces near the wall were almost 

entirely occupied by the particles (Fig. 2) and the number of particle-to-particle 

collisions was significantly higher (i.e., approximately four times higher at large Dp) 

than that of particle-to-wall collisions. Also in a tumbling mill, the energy generated at 

particle-to-ball collisions was greatly larger than that at particle-to-particle collisions 

(Wang et al., 2012). Moreover, the difference between the energy generated at 

particle-to-ball collisions and that at particle-to-particle collisions (Wang et al., 2012) 

was larger than the difference in the planetary mill obtained from our simulation. The 

results suggest that the particles in the planetary mill were more densely packed by the 
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balls compared with the cases in the tumbling mill, resulting in generation of relatively 

large dissipated energies even at particle-to-particle collisions in the planetary mill. In 

general, quite large dissipated energy can generate in ball mills when particles are 

directly captured with balls and/or wall (i.e., ball-particle-ball and ball-particle-wall 

collisions) (Rodriguez et al., 2018), and the energy can contribute to the particle 

breakage effectively. In this work, the energy contributed to particle breakage was 

expressed by Es which reflected the energy exceeding the threshold Eth of particle 

breakage. Therefore, the variation in dissipated energy spent for the particle breakage 

with sizes and numbers of particles and balls can be analyzed based on the Es variations 

without considering the energy for individual collisions. However, it is needed for 

analyzing the differences in the dissipated energy by collision types in more detail. We 

will deal with the collisions individually and report the results elsewhere in future. As 

shown in Fig. 4, at BPR values of 30 and 5, Es for all the three collision types notably 

decreased with decreasing Dp because the dissipated energy distributions shifted toward 

lower energy ranges (Fig. 2). Fig. 5 illustrates the variation in Es for all collisions (i.e., 

total of particle-to-ball, particle-to-wall, and particle-to-particle collisions) with respect 

to Dp and BPR; the calculated values of Es are located at the intersections of the white 

grid, and the regions between the gridlines are filled using interpolation. The areas 

within the grid that are filled in black correspond to parameters that are not within the 

ranges examined in this study. Even at a constant BPR, the Es for all collisions 

decreased significantly with decreasing Dp. However, Es gradually decreased with the 

reduction of BPR. The results suggest that Es is strongly affected by the Dp rather than 

the BPR. 
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Fig. 4. Effect of Dp on Es for particle-to-ball, particle-to-wall, and particle-to-particle 

collisions at BPR = 30 and 5 (Db = 10 mm). 

 

Fig. 5. Variations in Es for all collisions with respect to Dp and BPR (Db = 10 mm). 
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3.2 Effect of size and number of balls on dissipated energy 

 Fig. 6 illustrates the snapshots of particles and balls in the mill pot at a constant 

Dp and with different values of Db and BPRs. Similar to the cases shown in Fig. 2, the 

balls were packed densely near the wall of the mill pot. The use of small sized balls 

reduced the void spaces among the densely packed balls, suggesting that a large number 

of particles can be trapped between the packed balls. These particles can collide with 

the balls, generating a relatively large amount of dissipated energy. 

 

Fig. 6. Changes in behaviors of particles and balls with ball size at different values of 

BPR (Dp = 2.0 mm). 
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 Fig. 7 shows the variations in the dissipated energy distribution with respect to 

Db at a constant Dp and different values of BPR. Except at BPR = 5, the distribution 

curves slightly shifted to the higher energy ranges as Db decreased. This primarily owes 

to the large amounts of dissipated energy generated by the particle-to-ball collision of 

the particles trapped between the packed balls, as shown in Fig. 6. Also, in a tumbling 

mill, small balls can easily capture the particles; hence the similar energy variation with 

Db was observed (Rodriguez et al., 2018) to that in the planetary mill shown in Fig. 7. 

As shown in Fig. 7, the distribution curves slightly shifted toward the lower energy 

ranges with decreasing BPR because the number of particle-to-particle collisions greatly 

increased. Actually, the number of particle-to-particle collisions at BPR = 5 was 

approximately 20 times larger than that at BPR = 30 for Db = 10 mm. 
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Fig. 7. Effect of Db on dissipated energy distribution of all collisions at different values 

of BPR (Dp = 2.0 mm). 
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between the packed balls as shown in Fig. 6. In contrast, when Db was large, Es for 

particle-to-ball collisions and particle-to-particle collisions were gradually decreased 

and increased, respectively, because a few particles could be trapped between the 

packed balls, regardless of the BPR. Fig. 9 shows the variations in Es for all collisions 

with respect to Db and BPR. The Es for all collisions increased with decreasing Db and 

increasing BPR. This could be justified by the increase in Es for particle-to-ball 

collisions (Fig. 8). The variation in Es with respect to Db was smaller than that with Dp, 

as shown in Fig. 5. The results suggest that the particle-to-ball size ratio can affect Es 

more strongly. 

 

 

Fig. 8. Effect of Db on Es for particle-to-ball, particle-to-wall, and particle-to-particle 

collisions at BPR = 30 and 5 (Dp = 2.0 mm). 
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Fig. 9. Variations in Es for all collisions with respect to Db and BPR (Dp = 2.0 mm). 

 

3.3 Determination of parameters governing dissipated energy of particles 

 To appropriately adjust the dissipated energy applied to the particles during 

milling, it is essential to determine parameters that control the dissipated energy. By 

investigating the parameters influencing dissipated energy, Beinert et al. (2015) 

formulated a function expressing the relationship between grinding power and several 

operating conditions such as the size, density, and number of balls and the rotational 

speed of the mill pot in a planetary ball mill. In this study, considering that Es is strongly 

affected not only by Db, Nb, and mb (mass of the balls), but also by Dp, Np, and mp, we 

assumed that the correlation between Es and these parameters related to the particles and 

balls could be expressed numerically by Eq. (3): 
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32
s 1 p b( ) (BPR)CC

E C D D= ⋅ ⋅ ,  (3) 

where C1, C2, and C3 are the coefficients. The effects of Nb, mb, Np, and mp on the Es are 

captured by the BPR, i.e., BPR = Nbmb/Npmp. By applying Eq. (3) to Es values obtained 

from the simulations, using different values of the parameters to determine C1, C2, and 

C3 with the least-squares method, Eq. (4) was obtained. 

2 0.87 0.20
s p b2.4 10 ( ) (BPR)E D D= × ⋅ ⋅ .  (4) 

Fig. 10 shows a comparison of Es values estimated using Eq. (4) with those obtained 

from the simulations. The observation demonstrates that the relationship between Es and 

the parameters representing the sizes, numbers, and masses of particles and balls can be 

captured appropriately using Eq. (4). Furthermore, Eq. (4) indicates that the degree of 

dependence of Es on Dp/Db was higher than that on BPR. 

According to Kwan et al. (2005), the grinding rate constant is proportional to the 

milling power, which decreases with reduced particle size. This suggests that the energy 

spent for particle breakage should be kept at high values to ensure efficient progress of 

the particle breakage. As expressed in Eq. (4), the Dp/Db strongly affects Es, suggesting 

that the balls should be replaced with those of a different size and/or the mixture of balls 

of different sizes should be used in accordance with the variation in particle size 

distribution caused by the particle breakage. This ensures that particles receive suitable 

dissipated energy. Based on the results obtained, we attempted to control the dissipated 

energy by using a Db suitable for the Dp. For a batch grinding process in accordance 

with the stages of particle breakage, that is, the decrease of Dp from 2.7 to 1.3 mm at a 

constant particle filling mass, the Db and Nb were changed from 10.0 mm and 6 (Run 
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No. 63) to 5.0 mm and 210 (Run No. 66), respectively, as shown in Table 3. Fig. 11 

depicts the variations in Es. The values of Es calculated in run numbers 63–66 was better 

controlled compared with Es obtained under the conditions where Db and Nb were 

maintained at Db = 10.0 mm and Nb = 18. The results suggest that using an appropriate 

size and number of balls in accordance with the stages of particle breakage is effective 

for precisely controlling the dissipated energy of particles. 

 

 

 

Fig. 10. Application of Eq. (4) for estimating Es. 
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Table 3 

Example of variation in milling conditions with decreasing particle size 

to maintain energy. 

Run No. Dp [mm] Np [–] Db [mm] Nb [–] 

63 2.7 88 10.0 6 

64 2.0 209 8.0 15 

65 1.6 408 6.0 107 

66 1.3 711 5.0 210 

*Particle filling mass was kept at 1.9 g in each batch. 

 

Fig. 11. Effect of changing Db and Nb on variation in Es with particle breakage stage. 

 

4. Conclusions 
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value, the specific dissipated energy exceeding the threshold depended strongly on the 

sizes and numbers of particles and balls, due to the variations in the dissipated energy 

distribution. The unique results of the work were as follows: 

(i) The variation in the specific dissipated power exceeding the threshold was 

expressed as a function that included the size ratio of particle to ball and the 

BPR value as variables. 

(ii) The effect of the sizes of particles and balls on the specific dissipated power 

exceeding the threshold was significant, compared with that of BPR. 

(iii) The specific dissipated power exceeding the threshold could be controlled by 

changing the size and number of balls with respect to the particle size even when 

the particle size decreased. 

The results suggest that the size and number of balls should be determined appropriately, 

in accordance with the particle breakage stage to effectively control the particle 

dissipated energy. 
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Fig. S1. Variation in dissipated energy distributions with coefficient of restitutions. 
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Fig. S2. Variation in dissipated energy distributions with sliding friction coefficients. 
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Nomenclature 

C1 Coefficient of Eq. (3) [W/kg] 

C2 and C3 Coefficients of Eq. (3) [–] 

Db Ball diameter [m] 

Dp Particle diameter [m] 

E Dissipated energy of particles at a single particle collision [J] 

Emin Size-independent material property referred to as the threshold energy of 

breakage [J∙m/kg] 

Es Specific dissipated power of particles exceeding a threshold Eth [W/kg] 

Eth Threshold energy of particle breakage at a single particle collision [J] 

Fn Normal contact force [N] 

Ft Tangential contact force [N] 

mb Mass of single ball [kg] 

mp Mass of single particle [kg] 

Nb Number of balls [–] 

Np Number of particles [–] 

t Milling time [s] 

tc Contact period [s] 

δn Normal overlap [m] 

δ t Tangential overlap [m] 

 

Figure and table captions 

Table 1 Parameters used in simulations. 

Table 2 Sizes and numbers of particles and balls used in simulations. 
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Table 3 Example of variation in milling conditions with decreasing particle size to 

maintain energy. 

Fig. 1. Typical change in specific dissipated power of particles with milling time. 

Fig. 2. Snapshots of behaviors of particles and balls mimicking various stages of 

particle breakage at different values of BPR (Db = 10 mm). 

Fig. 3. Effect of Dp on dissipated energy distribution of all collisions at different values 

of BPR (Db = 10 mm). 

Fig. 4. Effect of Dp on Es for particle-to-ball, particle-to-wall, and particle-to-particle 

collisions at BPR = 30 and 5 (Db = 10 mm). 

Fig. 5. Variations in Es for all collisions with respect to Dp and BPR (Db = 10 mm). 

Fig. 6. Changes in behaviors of particles and balls with ball size at different values of 

BPR (Dp = 2.0 mm). 

Fig. 7. Effect of Db on dissipated energy distribution of all collisions at different values 

of BPR (Dp = 2.0 mm). 

Fig. 8. Effect of Db on Es for particle-to-ball, particle-to-wall, and particle-to-particle 

collisions at BPR = 30 and 5 (Dp = 2.0 mm). 

Fig. 9. Variations in Es for all collisions with respect to Db and BPR (Dp = 2.0 mm). 

Fig. 10. Application of Eq. (4) for estimating Es. 

Fig. 11. Effect of changing Db and Nb on variation in Es with particle breakage stage. 

 


