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Abstract—A simulation of the three-dimensional motion of grinding media in the stirred media mill for the research of
grinding mechanism has been carried out by 3-dimensional discrete element method (DEM). The movement of ball
assemblies was graphically displayed with some snapshots from start of the milling to 0.20 s. From these simulation
results, the grinding zone in the mill was confirmed to be distributed into two regions, which is near the stirrer and the
side wall of mill around the stirrer. The power changing the rotation speed of stirrer was examined based on the micro
interactive forces at all the contact points between ball-to-ball and between ball-to-stirrer. DEM is a very powerful tool
for the microanalysis of movement of balls, which could not have been solved by a conventional experimental method.
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INTRODUCTION

The size reduction and mechano-chemical grinding in a grind-
ing media type of mill are influenced by impact, compression, shear,
and friction at all the contact points of balls in the mill. Therefore,
understanding the behavior of ball movement in the mill is very
important to identify the grinding mechanism and to produce ultra-
fine particles for developing new materials.

Stirred grinding media mill has been used as a type of an ultra-
fine grinding mill in many industries such as minerals, ceramic ma-
terials, chemical products and other materials due to its high energy
efficiency, fine and ultra-fine grinding ability, and reduced contam-
ination [1-3]. The computer simulation technique for studying the
flow of granular assemblies or powders is useful especially for ob-
taining detailed results from the task in that direct experimentation
is difficult. DEM is a scheme to simulate any problem dealing with
the behavior of a discontinuous particle system by Cundall [4], who
first used this type of model to study granular assemblies. Since
then, these models have become widely applied to the simulation
of a discontinuous particle system [5]. Many kinds of simulations
for the ball mill have been studied: the 3-dimensional behaviors of
ball movement in a tumbling mill [6,7], the power of a tumbling
mill [8,9], and the power of a centrifugal mill [10]. However, up to
now, there has been little simulation research for stirred grinding
media mill. In the stirred ball mill, there are some stirrers and the
calculation of its consumed powder becomes more complicated to
compare with the simpler kinetics of conventional tumbling ball
mill [11,12].

The objective of this paper is to simulate the motion of grinding
media balls in stirred grinding media mill and to examine the con-
sumed power based on the micro interactive forces at all the contact
points between balls and between ball and stirrer.
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SIMULATION ON BALL MOTION
IN THE STIRRED MILL

The ball mills of grinding media types, for example, tumbling ball
mill, planetary ball mill and stirred grinding media mill are very
useful grinding machines used in many fields [13,14]. Furthermore,
these mills have been used for activating the mechanical effects as
well as the size reduction of materials. The motion of balls in the
mill causes impact, compressive and shear forces on the materials
during grinding process.

1. Numerical Simulation Procedures
1-1. Ball Movement

The movement calculation of spherical balls is fundamentally per-
formed to mutually apply to the second law of Newton’s motion law
and the force-displacement law at contact points between balls or
ball and wall of pot mill or ball and stirrer. The Voigt model of in-
teractive force between two balls as shown in Fig. 1 is used to simu-
late the ball movement, in which an elastic spring and a viscous
dashpot between balls should be introduced to estimate the forces

i-th ball
i-th ball

j-th ball j-th ball

Fig. 1. Voigt model of interactive forces between two balls.
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produced by the contact of other balls acting on a certain ball. In
the shear direction, a friction slider can be also introduced to esti-
mate slip at the contact point.

The motion equation of a ball can be expressed in Eq. (1) for a
translation motion and Eq. (2) for revolution motion by consider-
ing the interaction forces generated at the contact point when two
balls of mass m collide with each other [15].

du  du _
mdtz+ndt+Ku—O M
& o, dg o
I_dt2+m dt+Kr¢ 0 2

where m denotes mass, u translation displacement, ¢ revolution dis-
placement, K elasticity modulus, 7 viscosity coefficient, and I the
inertia moment.

Because a lot of ball contacts with one certain ball for a series of
other balls, the above Egs. (1) and (2) are formed at every contact
point. The practical calculation is performed by using the difference
approximation equation of time difference At as shown in Eq. (3).

m[ﬁi]rz_ 77[1'11-]%4\;—1([111’]:74: (3)

The normal and shear relative displacement increments, An and
As are used with the force-displacement law to calculate increments
of the normal and shear forces, AF, and AF,.

AF=k An, AF=kAs (©)]

The normal stiffness k, is obtained by Hertz’s contact theory as
follows:

(BN

gl

where E, dand v, are the module of elasticity, the accumulated nor-
mal displacement, and Poisson’s ratio, respectively. In this calcula-
tion, we assume that the relation between the normal stiffness k,
and the shear stiffness k; is k=(1/5)k,.

The damping force increments AD, and AD, by viscous dashpot
in the normal and shear directions at a contact point are taken to be
proportional to the normal and shear components of the relative ve-
locity increments, and as follows:

AD,=-1,An, AD,=-nAs 6)

The normal and the tangential contact forces and the damping
forces at time t are as follows:

(Fu)l:a:)lflJrAF n (F.v)l:(Fs)lfl+AF s (7)
(D,)=(D)..,+AD,, (D)=(D,),., +AD, ®

To solve the governing equations of DEM, the normal damping
coefficient 77, and the shear damping coefficient 7, have to satisfy
the following relations, respectively:

7711 = 2'\/ mpikna ’75 = 2'\/ mpiks (9)

where m,; is mass of ith ball.
In the shear direction, the following conditions are also required
to describe the slip at the contact point:

when (FS),>/(F n)t5
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(F)=sign[(F,)]-1,(F.,), (10)
and
DyY~0 11

where sign [(F)),] is an arithmetic symbol which denotes the sign
of (F,), and 1, is a friction coefficient.

The summation of these contact force components in each direc-
tion gives the resultant force, >"[(E,)+(F,;)HD,;)+(D,;)]. The result

ant moment acting on ball 1 is found from Y[(D,/2)(F,)+(D,/2)

(D,;).], where the summation is taken over all the contact points of
ball i. Thus, if ball i is displaced independently from any other ball
by the resultant force and moment during At, the Lagrangian type
equations of the ball motion are described as follows.

d(upi)t _

m,, T Z[(ij), + (Fip)+(Dyy), + (Dg) ] +m,g (12)
Ip,»d(%t‘"')' = ZK%}[(FJU)' + (%)I(Dsy)r} 13)

where g, I, and @), are the gravitational acceleration, the inertia mo-
ment of ball, and the ball angular velocity in vector, respectively. In
this study, the forward difference scheme is used for the time deriva-
tive terms of Eqs. (12) and (13).

Fig. 2 and Table 1 show the computational domain and the cal-
culation conditions, respectively [13,16]. The shape of a stirrer is
simplified to a plate of 3x27 ball matrix for ease of calculation. The

9 12(9
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Fig. 2. Computational domain (unit: mm).
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Table 1. Calculation conditions for simulation

Dimensions of grinding pot
Dimensions of grinding pot
Dimensions of the stirrer

<Diameter>, D ¢ 102 mm
<Height>,H ¢ 135 mm
<Diameter>, D, ¢#81 mm
<Width>, W, 9 mm
<Thickness>, T; 3 mm
<Number>,n, 4%*

Dimensions of the stirrer
Dimensions of the stirrer
Dimensions of the stirrer

Rotation speed N 100-900 rpm
Particle number np 16,736
Particle diameter D, 3 mm

Particle density 0, 3.6x10° kg/m’
Particle mass mp 5.1x107 kg
Time step At 2.0x10°s
Modulus of elasticity <Particle-to-particle>, E,, 2.0x10° N/m
Modulus of elasticity <Particle-to-wall>, E,, 2.0x10° N/m
Poisson’s ratio, 14 0.25

Damping coefficient <Normal>, 7, =2./m,k, kg/s
Damping coefficient <Shear>, 7, sz kg/s
Friction coefficient ~ <Particle-to-particle>, 4, 0.2

Friction coefficient — <Particle-to-wall>, u, 0.25

*Each stirrer is consisted of in-lined balls of 81.

initial charged position of balls is arranged as shown in Fig. 3 with-
out any contact between balls and stirrers. The material of stirrer
and the size of in-lined balls are same as the media balls. The time
step in calculation is 2.0 107 s. The total number of balls to be cal-
culated is 16,736.
1-2. Power Calculation

To obtain the power of the stirred ball mill, the moment princi-
pal was adopted in this work. In Fig. 4, each axial component of
the forces acting at contact point ¢ between the i-th ball of blade
and the j-th moving contact ball is F,, F,, and F., which are parallel
to the three axes, respectively, where x, and y, are the distances from
zero point of z axis to a contact point. When the forces are calcu-
lated according to the flow chart as shown in Fig. 5, the instanta-
neous total moment T and power P at the rotation speed n are ex-
pressed as Egs. (14) and (15), respectively,

Jj max tno max

T= Z Z (Fx,(i.mu)'yz‘,(i,mo)+ Fy,(i.m) . X(‘,(i,trm)) (14)
=l mo=1
2/m
P=222.T 15
0 15)

where j,, is the total contact points on blade balls, x, and y, the dis-
tance from x-axis and y-axis, respectively, and n the rotation speed
per minute.

The flow chart of a general calculation is shown in Fig. 5. The
values of parameters of materials and the operation conditions of
mill are input as shown in Table 1. In addition, a position condition
of initial charge of grinding media balls and stirrers is set. When a
calculation begins, the balls not to contact each other fall freely while
the balls to contact each other or with stirrer move by the rotation
of stirrer. This simulation of ball movement is continued till the end
of running time.
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Fig. 3. Initial charge of the balls.
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Fig. 4. Forces acting at a contact point between i-th ball of blade
and j-th moving ball.
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Fig. 5. Flow chart of calculation of power for a stirred mill.

Each ball comes to have the cell information according to the
position in the mill. After judgment whether the contact is with ball-
to-ball or with ball-to-stirrer or with ball-to-wall of mill or not, the
number of contact points and the contact force at each contact point
are calculated. Then, the acceleration, velocity, and dislocation of
the ball are calculated based on above calculated forces. That is,
the ball moves to a new position by the movement displacement
during At time while the stirrer turns at determined position by ro-
tation during At time. For next At time, these above calculation pro-
cedures for all the balls repeat during predetermined running time.

The programs were coded with MS Fortran 77 for the ball move-
ment and with MS Visual Basic for display of ball movement, re-

(a)

Fig. 6. Schematic diagram of experimental apparatus.
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spectively. The calculated results at each predetermined time inter-
val are output and display the position of balls in a section of an X-
Z axial direction and an X-Y axial direction.

1-3. Experimental

The schematic diagram of experimental equipment used for the
comparison with the results of the simulation is shown with the di-
mension of mill pot in Fig. 6. The mill was a vertical type of stirred
ball mill, KMD-1B, made by Korea Material Development Co.,
Ltd. The size and material of the grinding media ball is 3 mm in
diameter with density of 3.6 g/cm’® and alumina of resistant-attrition,
which was made by Nikkado Co. Japan, respectively. The stirrer
could be rotated by controller and the power could be measured
with self-made measuring devices of power. The moving pattern
of grinding media balls in the mill was observed with a home video
camera through a transparent cover of the acrylic resin plate.

The materials of pot and ball used in this experiment were the
same as those in the case of simulation. The number of balls of ALO,
used was 16,736. The power was measured with a self-made elec-
tronic circuit device. The experimental methods were also same as
those in previous papers [2,3].

SIMULATION RESULTS AND CONSIDERATIONS

1. Movement Pattern of Grinding Media Balls

In order to check the applicability of this simulation program,
the movement pattern of grinding media balls for the rotation speed
of stirrer which varied with from 100 rpm to 700 rpm was observed
with a video camera through a transparent cover displaced with acryl
resin plate; it was also compared with the photographs and the snap-
shots of the motion of grinding media balls by simulation (Fig. 7).
The good agreement between the experimental flow patterns of balls
and the simulation those for the rotation speed of stirrer was con-
firmed by video photographs and snapshots of balls. That is, the

Il

%22 ypit :

(b)

(a) Stirred ball mill and the measuring system, (b) Dimensions and shape of the grinding mill pot

May, 2008



Analysis of ball movement for research of grinding mechanism of a stirred ball mill with 3D discrete element method 589

(B)

(A")

(©)

Fig. 7. Snapshots of the motion of grinding media balls by simulation for each rotation speed and photographs of video camera

compared with experiments.

Key: Top: Video photographs for each rotation speed, Middle: Snapshots of motion of grinding balls at front view through center, Bottom:

Snapshots of motion of grinding balls at overview.

flow pattern of balls shows three types of movement patterns ac-
cording to the rotation speed of stirrer n by the centrifugal force
and gravity force: the first is horizontal flow pattern for n=200 rpm;
the second, annular type flow pattern along the wall of pot for n=
450 rpm; and the third, transition state of first and second flow pat-
tern with higher at the wall of pot and with lower and more vacant
at center of pot.

Fig. 8 shows snapshots of the motion of grinding media balls by
simulation around the stirrers rotating at 300 rpm for 0 to 0.20 s of
grinding time. As the stirrers rotate in counterclockwise direction,
the ball assemblies are falling down simultaneously and begin to
scatter to the wall by the contact with the stirrers.

When the grinding time as shown in Fig. §(e) passed 0.16 s, all
the balls were scattered randomly to the wall of grinding mill pot.
Here, it could be assumed that many kinds of forces for the grind-
ing could be generated such as impact, collision, friction, compress,
shear and so on. As the grinding time goes on, at Fig. 8(f), ball as-
semblies are scattered and then stick to the wall. The upper two stirrers
are revealed clearly in sight of the upper; the level of the highest
ball assemblies is the same as that of the top stirrer.

Fig. 9 shows snapshots of the movement of balls by simulation
on the sectional plane including an axis at the rotation speed of 300,
500, and 700 rpm, respectively. As the rotation speed is higher, the
balls are concentrated to the pot wall and move upward, and then
the middle part of the pot is vacant. At each rotation speed of stirrer,
the highest position of balls shows somewhat like the free surface

(d)

Fig. 8. Snapshots of the motion of grinding media balls around the
stirrers rotated in 300 rpm from 0 to 0.20 s.
(a) Initial state, (b) t=0.04 s, (c) t=0.08 s, (d) t=0.12s, (e) t=
0.16s, (f) t=0.20 s

of a liquid. That means the motion of balls is governed under the
centrifugal force and gravity force. As the rotation speed is higher,

Korean J. Chem. Eng.(Vol. 25, No. 3)
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Fig. 9. Snapshots of the motion of grinding media balls at the axis
section for rotation speed of stirrer (a) n=300 rpm, (b) n=
500 rpm, and (c) n=700 rpm.

(A) 300 rpm

N

1st 3rd 4th

Fig. 10. Velocity pattern of balls at the layer of each stirrer from
bottom at rotation speed of stirrer, 300 and 700 rpm.

the position of balls at the wall of pot becomes higher and that at
the center of pot becomes deeper.

The movement of balls at the sectional plane of the 2nd stirrer
illustrates how the balls move to the wall of the pot with the rotation
speed up. That is, as the rotation speed is increased, the balls located
near the stirrer move to the pot wall. At 700 rpm, for example, the
balls are almost attached to the wall of the pot and form a kind of
annular flow pattern of balls. In this case it is thought that the balls
have strong centrifugal force and cause such grinding forces as col-
lision, impact, friction, compress and shear to samples.

Fig. 10 shows the velocity patterns of grinding media balls by
simulation at the layer of each stirrer from bottom at rotation speed
of stirrer, 300 and 700 rpm. The circulating velocity of balls of 300
rpm illustrates that the balls near the stirrer move faster than others.
However, the balls of 700 rpm have more average velocity relatively
at any position. The circulating velocity of balls is higher than gravita-
tional direction speed in each case. The circulating velocity at 700 rpm
is, of course, higher than 300 rpm, but the gravitational direction speed
shows not so much difference. That means the balls in the stirrer
mill are strongly governed by the rotation speed of the stirrer.

At relatively low rotation speed, the balls are concentrated to the

May, 2008

front side of the stirrer to the direction of rotation, and a few balls
are at the back side of the stirrer. However, when the rotation speed
is increased, the balls move to the back side of the stirrer because
the speed of balls is increased enough to move to the wall of the
pot by centrifugal force. That is a different move pattern from one
of a tumbling mill [7] which has a critical rotation speed of stirrer
and is the reason why the grinding performance depends on the stress
intensity, meaning of the kinetic energy of grinding media [1].

2. Contact Forces and Power

Fig. 11 shows a typical profile of power calculated by simulation
at 700 rpm, and Fig. 12 shows normal force distributions acting on
the stirrers at the rotation speed of stirrer, 300 rpm and 700 rpm. As
shown in Fig. 11, at the near starting time the power shows relatively
high due to inertia of initial stationary balls caused by the sudden
moving of stirrer.

Fig. 13 compares the calculated power by simulation and the ex-
perimentally measured power for the rotation speeds of stirrer. The
slopes of fitted lines between power and rotation speed of stirrer
are changed at 300 rpm. This fact is considered to be related with
that the flow pattern of balls is changed with from horizontal flow

S0
80
—— Calculated power
70 | —s+— Mean power

60
50

a0 |

power [W]

an

20 t

10 ¢

U " " " i
000 noz 004 006 008 010
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Fig. 11. A typical example of power calculated at 700 rpm.
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Fig. 12. Normal force distributions acting on the stirrers at rota-
tion speed of stirrer, 300 rpm and 700 rpm.
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Fig. 13. Comparison of the mean of calculated power and meas-
ured one for rotation speed.

pattern to annular flow pattern as shown in Fig. 7. There are some
gaps between the calculated powers and measured powers due to
increase in the loss of energy transfer with rotation speed of stirrer
[17].

Fig. 14 shows the typical normal contact force distribution and
the shear contact force distribution of grinding media balls by simu-
lation at rotation speed of stirrer, 300 rpm and 700 rpm. The contact
forces are increased with increase of rotation speed of stirrer and
their variation is considered to have an intimate relationship with
grinding characteristics of a stirred media mill.

The contact forces are also increased as the rotation speed of stirrer
is increased. The average ratio of shear force and normal force as
shown in Table 2 also shows the same tendency. That the ratio of
shear force to normal force at 900 rpm (about 34%) is higher than
that (about 9%) at 300 rpm is well explained with the behavior of
the balls.

The number of contact points is also increased as the rotation
speed is increased. As the contact point is the place on which the
size reduction occurs actually, the large numbers of contact points
means higher probability of the size reduction and can be a neces-
sary condition for the fine grinding because a stirred ball mill is con-
sidered to have such important conditions for fine grinding [8].

When the shear forces act on the surface of a particle, it has a
kind of grinding mechanism of abrasion, which results from the ap-
plication of local low intensity surface stress, and the abrasion means
the fine grinding mechanism which could be gained by the shear
forces as higher rotation speed of the stirred mill. The large normal
force acts as fracture that results from the rapid application of in-
tense stress, impact and leads to fragments that are relatively small
with respect to the initial particles and having a relatively wide par-

Table 2. Contact forces and numbers of contact points

929
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10 | —
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o.1 --- Shear force
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(a)

99 T v T

—— Normal force t
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F, N)
(b)

Fig. 14. Normal and shear forces distributions of grinding media
balls by simulation at rotation speed of stirrer, (a) 300 rpm
and (b) 700 rpm.

ticle-size distribution. These flow patterns are found to have some
relations with contact forces and contact numbers between balls,
which affect the grinding behaviors.

CONCLUSION

In a series of grinding processes, a simulation of the motion of
grinding media balls in a stirred media mill has been compared with
experimental results based on the DEM simulation. The following
results are summarized:

(1) DEM is useful for the analysis of ball motion behavior and
for grinding mechanism in a stirred mill.

(2) The movement patterns of balls show three types according
to the rotation speed of the stirrer.

Rotation speed Average contact force (g cm/s’) Ratio of Total no. of Average no. of
(rpm) Normal force Fn Shear force Fs Fs/Fn contacts point contacts point per ball
300 3,058 283 0.09 27,900 1.61
900 7,474 2,511 0.34 56,000 3.35

Korean J. Chem. Eng.(Vol. 25, No. 3)



592 S. Kim and W. S. Choi

-n<200 rpm: horizontal flow

-1n=300 rpm: lower and more vacant at center, higher on the wall
of pot

-n=450 rpm: annular type flow along on the wall of pot

(3) The number of contact points per ball and the shear forces
are increased as the rotation speed of stirred is increased.

(4) The calculated and measured power showed the same ten-
dency of variation with the rotation speed of stirrer.
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