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bstract

Simulations based on discrete element method (DEM) were conducted to investigate the effect of particle properties, such as particle/particle
liding friction, particle/particle restitution coefficient, particle density and particle size, on the particle flow in IsaMill. The results were analysed
n terms of velocity distribution, porosity distribution, collision frequency, collision energy and power draw. It is shown that by decreasing
article/particle sliding friction coefficient, the flow of particles becomes more vigorous which is useful to grinding performance. Although
estitution coefficient does not significantly affect the particle flow in IsaMill, grinding media with higher restitution coefficient should be more
ffective for grinding because they often have higher collision frequency and collision energy. Heavier particles tend to have higher collision

requency and collision energy but require higher power input, so there may exist an optimum particle density for maximum process efficiency.
rinding medium size also affects the flow and hence grinding behaviour although its selection may mainly depend on the particle size of products.
he results obtained from the DEM model should be useful for the selection of grinding media for IsaMill process.
2007 Elsevier B.V. All rights reserved.
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. Introduction

IsaMill is a high-speed stirred mill developed by Mount Isa
ines (Xstrata) in Australia for fine and ultra fine grinding at an

ndustrial scale [1]. Comparing with the conventional grinding
ills such as ball mills and tower mills, IsaMill can significantly

educe comminution circuit energy cost and grind mineral parti-
les to as fine as 7 �m [2,3]. As a result, it can be applied to base
etal operations such as lead and zinc mines, and also for the lib-

ration of gold particles from sulphide minerals for cyanidation.
urthermore, its ability to use cheaper non-metallic grinding
edia (river sand, furnace slag, etc.) offers further process and

ost benefits over traditional grinding technologies.
IsaMill, however, is still a new technology and at present, its
ptimum control and scale-up mainly rely on empirical methods,
xperience and trial and error tests. Fundamental understand-
ng of the grinding mechanism and flow pattern in the mill

∗ Corresponding author. Tel.: +61 2 9385 4429; fax: +61 2 9385 5969.
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s essential for process control and reliable scale-up. Conven-
ional experimental techniques and numerical models developed
ithin a continuum framework (e.g. CFD) [4] mainly focus on

he phenomena at a macroscopic level and cannot obtain infor-
ation at a microscopic, particle level. This limitation can be

ffectively overcome by the numerical model based on the dis-
rete element method (DEM) [5], which describes the motion
f particles individually. The method has been used to study
ifferent milling processes [6–11], and more recently has been
pplied to simulate a simplified IsaMill consisting of one or three
iscs [12–14]. The microdynamic properties relating to flow
nd force structures were analysed and the effects of the mill
roperties and operational conditions on these properties were
nvestigated.

The flow in IsaMill is also affected by particle properties.
or example alloy steel balls, due to their high relative density
nd hardness, are particularly suitable for crushing and mixing

eavy, hard materials. The forged steel balls, on the other hand,
re used to reduce particle size and fine dispersion of highly vis-
ous fluids [15]. The dispersity is characterized by particle size
istribution, particle shape and morphology, and their interfacial

mailto:a.yu@unsw.edu.au
dx.doi.org/10.1016/j.cej.2007.04.001
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Table 1
Physical parameters used in the present simulation

Parameter Base value Varying range

Particle density, ρ (kg m−3) 2500 1000–7500
Young’s modulus, Y (N m−2) 1.0 × 107 –
Poisson ratio, σ̃ 0.29 –
Particle/particle sliding friction

coefficient, μs,pp

0.2 0.01–1.0

Particle/mill sliding friction
coefficient, μs,pm

0.2 –
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roperties which are related to sliding friction coefficient, mass
ensity and restitution coefficient [16]. However, quantification
f the effects of some material variables by physical experiments
s difficult. The objective of this study is to extend our previous
EM work to investigate the effects of grinding medium proper-

ies, such as particle/particle sliding friction, particle restitution
oefficient, particle density and particle size on the particle flow
n IsaMill.

. Simulation method

In DEM simulation, each particle possesses translational and
otational motion, which can be described by Newton’s second
aw of motion, given by

i

dvi

dt
=

∑
(Fn

ij + Fs
ij + mig) (1)

nd

i

dωi

dt
=

∑
(Ri × Fs

ij − μrRi|Fn
ij|ωi) (2)

here mi, vi, �i and Ii are, respectively, the mass translational
elocity, angular velocity and moment of inertia of the particle i,
i a vector running from the centre of the particle to the contact
oint with its magnitude equal to particle radius Ri. Fn

ij and Fs
ij

epresent, respectively, the normal and the tangential contact
orces imposed on particle i by particle j. Details about the force
odels can be found elsewhere [9,12,17].
The model IsaMill used in this work consists of a fixed cham-

er, a rotating shaft and three stirrers, as shown in Fig. 1. Initially
he shaft and discs were at rest and all particles were fed into
he mill to form a stable packed bed. Then the shaft and discs
tarted to rotate at a given speed to agitate the particles. All
imulations were carried out with the same rotation speed of
000 rpm and the solid loading of 80%, but some particle prop-

rties were varied. Table 1 lists the base values and their varying
anges of the parameters used in the simulation. The effect of
parameter is examined while the others are fixed at their base
alues.

i
p
c
t

Fig. 1. Schematic illustration of the model IsaMill: (a) sectional front e
olling friction coefficient, μr 0.01 –
estitution coefficient, e 0.68 0.38–0.88
article diameter, dp (mm) 3 2–4

. Results and discussion

The validity of the numerical model has been examined else-
here [12]. In this paper focus is given to the effects of particle
aterial properties on the grinding performance. But whenever

ossible, numerical results will be compared with the exper-
mental data and discussed in this section. The properties of
articles considered in this work are particle/particle sliding fric-
ion coefficient μs,pp, particle restitution coefficient e, particle
ensity ρ and particle diameter dp. The particle flow is analysed
n terms of flow velocity, local porosity, collision energy, colli-
ion frequency and power draw, which have been demonstrated
o be useful to assess the performance of IsaMill [12]. Collision
nergy is defined as 1/2miv

2
ij , where mi is the mass of a particle

nd vij(= |�vi − �vj|) the magnitude of the relative velocity of two
olliding particles. The spatial distributions of flow velocity and
orosity are obtained, when the flow is macroscopically stable,
y dividing the mill into a series of cells of 3 particle diameters in
ize and calculating the time averaged values for two complete
evolutions for particles whose centres are located in the cell.
ll the analysis will be based on the particle flow in the central

egion of the model IsaMill as shown in Fig. 1, unless otherwise
pecified. In that case, the spatial variation is mainly observed

n the radial direction. The so called statistical distribution of a
roperty is calculated based on the data for the particles in the
entral region, collected within two revolutions of discs when
he flow reaches its stable state.

levation and (b) sectional end elevation (all dimensions in mm).
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ig. 2. Spatial distribution of velocities for different particle/particle sliding
riction coefficients: (a) μs,pp = 0.01 and (b) μs,pp = 1.0.

.1. Effect of sliding friction

Fig. 2 shows the flow velocity fields for different μs,pp. For
ll the μs,pp considered, particles start to accelerate at 11 o’clock
nd collide with high velocity with the upper part of the drum.
owever, increasing μs,pp from 0.01 to 1.0 significantly reduces

he velocity gradient in the radial direction. This is because, as
liding friction between particles increases, the energy transfer
mong particles becomes more efficient so the flow is strongly
tratified, forming a moving bed around the chamber wall. This
an also been seen from Fig. 3 which shows more homogeneous

orosity distribution around the chamber wall for larger sliding
riction coefficient. Note the high porosity at the upper part of
ill for low sliding friction coefficient is due to the unconfined

article movement. As the grinding in IsaMill is mainly caused

r
i
t
[

Fig. 3. Spatial distribution of porosity for different particle/particle s

Fig. 4. Statistical distribution (a) and mean value (b) of the collision fre
ering Journal 135 (2008) 103–112 105

y the shear between layers of particles, the reduced velocity
radient will indeed decrease the grinding performance which is
lso reflected from the collision energy and collision frequency,
s will be discussed below.

Figs. 4 and 5 show the distributions and the mean values
f collision frequency Cf and collision energy Ce for different
s,pp. While the collision frequency for low μs,pp has a wide
istribution with a flat region from 300 to 500 Hz, the distribution
ecomes narrower with a sharp peak at less than 200 Hz as μs,pp
ncreases. This leads to a sharp decrease in the mean collision
requency when μs,pp increases to 0.4. However, beyond this
oint the mean collision frequency is almost unchanged with
nly a slight increase. As mentioned above, the increase in μs,pp
educes the velocity gradient at radial direction so the particles
ove at a similar speed and behave like a solid bed. This reduces

he chance of particles to collide with others. However, when
s,pp reaches to a critical point (0.4 for the system considered),

urther increase of μs,pp does not have effect on the collision
requency.

On the other hand, the mean collision energy has a peak value
t around 0.2, as shown in Fig. 5b. Increasing μs,pp from 0.01
o 0.2 can lead to 30% increase in the collision energy. Con-
idering 50% decrease in the collision frequency as shown in
ig. 4b, it is not very clear how the sliding friction affects the
rinding efficiency. However, after μs,pp = 0.2, increasing μs,pp
ecreases both the collision frequency and energy, which will

educe the grinding performance. These results are qualitatively
n accordance with those reported by Xstrata Technology with
he development of new grinding media called Keramax MT1
2].

liding friction coefficients: (a) μs,pp = 0.01 and (b) μs,pp = 1.0.

quency for different particle/particle sliding friction coefficients.
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Fig. 5. Statistical distribution (a) and mean value (b) of the collision e

Fig. 6. Power draw as a function of particle/particle sliding friction coefficient.
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Fig. 7. Spatial distribution of velocities for different par

Fig. 8. Spatial distribution of porosity for different part
nergy for different particle/particle sliding friction coefficients.

Fig. 6 shows the variation of power draw with μs,pp, indi-
ating the sliding friction coefficient between particles has a
egligible effect on the power draw. Note that, it was observed
n our previous study of a single disc mill, the increase of both
article/particle and particle/mill sliding friction leads to an
ncrease in power draw [13]. So the present results indicate that
he increase in power draw is mainly caused by the increased
article/disk sliding friction.

.2. Effect of restitution coefficient

Figs. 7 and 8 indicate that the restitution coefficient has a

egligible effect on the velocity and porosity distributions. On
he other hand, Figs. 9 and 10 show both collision energy and
ollision frequency increase with the restitution coefficient.

larger restitution coefficient means less energy dissipation

ticle restitution coefficients: (a) 0.38 and (b) 0.88.

icle restitution coefficients: (a) 0.38 and (b) 0.88.
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Fig. 9. Statistical distribution (a) and mean value (b) of the collision frequency for different restitution coefficients.

Fig. 10. Statistical distribution (a) and mean value (b) of the

Fig. 11. Power draw as a function of restitution coefficient.
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Fig. 12. Spatial distribution of velocities for different particle
collision energy for different restitution coefficients.

hen particles collide, so particles move more vigorously
eading to more collisions. Therefore, the collision frequency
as a broader distribution and a larger mean 〈Cf〉 (Fig. 9). The
ame explanation is applicable to the collision energy (Fig. 10):
ess energy loss results in larger collision energy. The input
ower remains constant as the restitution coefficient increases,
s shown in Fig. 11. For a large restitution coefficient, energy
oss due to the dissipative collision becomes small, leading to
igh collision energy while maintaining a constant input power.
herefore, grinding media with high restitution coefficient can
ive better grinding performance than those with low restitution
oefficient. Since materials with high hardness values tend to

ave high restitution coefficient, one may argue that grinding
edia with high hardness should be more effective than

hose with low hardness. This has been indeed observed in
ractice [2].

density: (a) ρ = 1000 kg m−3 and (b) ρ = 3500 kg m−3.
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Fig. 13. Spatial distribution of porosity for different particle density: (a) ρ = 1000 kg m−3 and (b) ρ = 3500 kg m−3.
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Fig. 14. Statistical distribution (a) and mean value (b

.3. Effect of particle density

Figs. 12 and 13 show the spatial distributions of the flow
elocity and porosity for different particle density ρ, which sug-
ests that ρ has almost no significant effect, consistent with that
eported elsewhere [14]. However, Figs. 14 and 15 show that
oth collision frequency and collision energy increases as parti-
le density increases. It is understandable as the collision energy
s directly proportional to the particle density and higher colli-
ion energy is expected for heavier particles. In conventional ball
rinding, heavier grinding medium is always the first choice as
ong as it is practical. However, the results in Fig. 14b show
hat, for IsaMill process, the medium density has an optimum
alue at ρ ≈ 3000 kg m−3 which gives the highest collision fre-

uency. These results are qualitatively in accordance with the
esults reported by Gao and Forssberg [18] with the Drais stirrer
ill which is similar to IsaMill and has the similar dimensions
ith our numerical model. In his work the maximum energy

t
g
d
a

Fig. 15. Statistical distribution (a) and mean value (b) of
he collision frequency for different particle density.

tilisation was obtained at 3700 kg m−3 which is close to the ρ

btained here. Major part of the energy requirement for stirred
illing involves stirring and lifting of the grinding media, energy

equired for lifting the media is directly associated with the par-
icle density. Therefore, increase of ρ leads to increase in power
onsumption, as shown in Fig. 16.

To be more quantitative in model validation, physical exper-
ments were conducted at different loading J and rotation speed

using two different particles: steel balls (ρ = 7500 kg m−3)
nd glass beads (ρ = 2500 kg m−3). The steel balls are assumed
o have the same material properties as the glass beads as listed
n Table 1, except for a slightly lower sliding coefficient of 0.18.
ig. 17 shows the power draw obtained from the experiments and
imulations. Both numerical and experimental results showed

hat the power consumption for steel balls is higher than that for
lass beads. For both materials, the experiment consistently pro-
uces slightly a higher power draw than the simulation. This has
lso been observed in our previous work [12]. The discrepancy

the collision energy for different particle densities.
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Fig. 18. End view of experimental (top) and numerical (bottom) particle dis-
tributions for different solid loadings and rotation speeds for glass beads: (a)
Ω = 300 rpm and J = 40%; (b) Ω = 800 rpm and J = 60%.

F
t
Ω

F

Fig. 16. Power draw as a function of particle density.

t high rotation speeds can be attributed to the mechanical and
ther energy losses (e.g. sound and heat) which are not con-
idered in the simulation. Nevertheless, the trends between the
umerical and physical results are quite comparable.

.4. Effect of particle size

The size of the grinding medium is one of the most significant
actors which affect the mill performance [15]. To understand the
ffect of medium size, we have varied the particle size from 2
o 5 mm. Figs. 18 and 19 show the representative flows from
imulations and experiments for different solid loadings and
otation speeds for 5 mm particles. It can be seen that the over-
ll flow patterns obtained from the experiments and simulations
re comparable. At low solid loading and low rotation speed
Figs. 18a and 19a), most of particles stay at the bottom of the
ill with slow movement, and only a small number of particles

re agitated by the rotating disc to the upper half of the mill.
ncreasing either the solid loading or the rotation speed (Figs.
8b and 19b) can agitate the particles more vigorously due to
he increased collisions between particles and between particles
nd disc.

Fig. 20 shows experimental and numerical power draw for

mm and 5 mm particles. It can be seen that for both particle

izes, power draw increases with rotation speed. The overall
esults from simulation and experiments are quite comparable,
nd the discrepancy at high rotation speeds can also be attributed

t
T
t
I

ig. 17. Power comparison between physical experiments and numerical simulations
ig. 19. Axial view of experimental (top) and numerical (bottom) particle dis-
ributions for different solid loadings and rotation speeds for glass beads:(a)

= 300 rpm and J = 40%; (b) Ω = 300 rpm and J = 60%.
o the mechanical and other energy losses as discussed above.
he good agreement observed further confirms the validity of

he proposed numerical approach in the study of particle flow in
saMill.

for (a), steel balls and (b), glass beads at different loadings and rotation speeds.
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Fig. 20. Experimental and numerical power draw comparison for 3 mm and
5 mm particles.
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Fig. 21. Spatial distribution of velocities for different

Fig. 22. Spatial distribution of porosity for different p

Fig. 23. Spatial distribution of velocity and porosity for different particle sizes in the
ering Journal 135 (2008) 103–112

Figs. 21 and 22 show that 2 mm particle flow has quite inho-
ogeneous distribution of velocity and porosity in the radial

irection, and in contrast, the flow of 4 mm particles shows
uite uniform distributions. 2 mm particles in the mill obtain
igh velocities at 11 o’clock and then accelerate to collide with
he upper part of the drum, leading to a high porosity zone
etween 11 and 2 o’clock. On the other hand, 4 mm parti-
les give a reduced velocity gradient along the radial direction.
articles with high velocities tend to move towards the mill
hamber, creating a large porosity zone in the middle near the
haft.

The velocity and porosity distributions in the axial direction

lso reveal interesting differences for the two sized particles, as
hown in Fig. 23. 2 mm particles have a small circulating flow,
aused by the centrifugal effect generated by the rotating discs.
n order to satisfy the continuity condition, particles have to flow

particle sizes: (a) dp = 2 mm and (b) dp = 4 mm.

article sizes: (a) dp = 2 mm and (b) dp = 4 mm.

upper region of sectional elevation at XX′: (a) dp = 2 mm and (b) dp = 4 mm.
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Fig. 24. Statistical distribution (a) and mean value (b) of the collision frequency for different particle sizes.

e (b) of the collision energy for different particle sizes.
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Fig. 25. Statistical distribution (a) and mean valu

ack to the shaft from where it is driven outward again. In the
icinity of the discs, particles obtain high velocities; while in
he regions near the shaft, particles have low velocities profile.

hen particle size is increased to 4 mm, circulatory flow in the
xial direction diminishes (Fig. 23b) due to the same effect, but
ess distinct velocity profile. High porosity regions are evident
n between discs and low porosity regions develop close to the
nd wall.

Figs. 24 and 25 show the collision frequency and collision
nergy for different particle sizes, indicating both the collision
requency and the collision energy increase with increasing par-
icle size. The number of particles decreases about 8 times (from
17,000 to 14,400) to keep the same 80% solid loading when
article size increases from 2 to 4 mm. The 50% increase in the
ollision frequency means that the total number of collisions
or 2 mm particles is still 5 times that of 4 mm particles. On the
ther hand, the collision energy has 5 times increase when par-
icle size increases from 2 to 4 mm. The decreased number of
ollision and increased collision energy form two competitive
echanisms when assessing grinding performance. It suggests

here may exist an optimum grinding medium size which gives a
ood balance of the collision number and energy. This optimum
ize may vary with milling systems and depend on the size of
he product. For a stirred mill, the most efficient grinding was
btained with 1.7–1.2 mm media [19].

The decrease of the power draw with particle size (Fig. 26)
an be attributed to the reduced number of collisions between

articles. As energy is dissipated from each collision, less colli-
ion between particles requires less input energy to maintain the
ow dynamics. As discussed earlier, the simulated power draw
grees reasonably well with the measured one (Fig. 20).

c

•

Fig. 26. Power draw as a function of particle size.

. Conclusions

DEM has been employed to investigate the effects of grinding
edium properties on the particle flow and grinding perfor-
ance in a simplified IsaMill. The properties considered include

article/particle sliding friction coefficient, restitution coeffi-
ient, particle density and particle size and the flow properties.
heir effects are examined in terms of flow velocity, porosity,
ollision energy, collision frequency and power draw. The results

an be summarized as:

Increasing particle/particle sliding friction decreases the
velocity gradient in the radial direction. When the sliding fric-
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tion coefficient is smaller than a critical value, increasing the
sliding friction coefficient decreases the collision frequency
and increases the collision energy. When the friction coeffi-
cient is higher than the critical value, increasing the sliding
friction coefficient decreases both the collision frequency and
the collision energy, and hence the grinding performance.
Power draw is not sensitive to the friction.
For the range considered, particle/particle restitution coeffi-
cient has little effect on the velocity and porosity distributions,
and power draw as well. But a high restitution coefficient can
result in a high collision frequency and collision energy, which
is beneficial to grinding.
Particle density does not evidently affect the velocity and
porosity distributions. However, heavier particles have a high
number of collisions and collision energy, and need a high
power input. For a given IsaMill process, there may exist an
optimum particle density for maximum process efficiency.
Smaller particles have a larger number of collisions for given
operational conditions (e.g. constant solid loading), although
the number of collision for each particle is lower. On the
other hand, larger particles have larger collision energy. The
two competitive mechanisms suggest that there may exist an
optimum particle size for better grinding. But this optimum
size is also dependent on the size of the ground products. The
power draw decreases with the increase of particle size.
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