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Keywords Abstract
A deeper understanding of the milling operation of ball mills helps mineral processing
Simulation engineers to control and optimize them, and therefore, reduce their consuming power. In
this work, the milling operation of ball mills is investigated using two methods, i.e.
Ball Mill DEM and combined DEM-SPH. First, a pilot scale ball mill with no lifter is simulated
by both methods. Then another pilot scale ball mill with eight rectangle lifters is
DEM simulated again by both methods. The effects of lifters on ball shoulder and toe points as
well as on creation of cascading and cataracting movements for balls are studied by both
SPH methods. At the present time, there is not enough measured data available for dense
slurries interacting with the coarse particulates available in the public domain that can be
DEM-SPH Coupling used adequately to validate these types of predictions. The results obtained indicated that

fluid slurry in the mill lowered the charge shoulder by about 28 cm and 25 c¢cm in the
no-lifter and eight-lifter cases, respectively. However, it raised the charge toe by about
36 cm and 6 cm in the no-lifter and eight-lifter cases, respectively.

1. Introduction

The mineral processing industry could save about
70% of the power involved in grinding processes
if this power was reduced to its practical
minimum power consumption [1]. In this context,
achieving a more efficient grinding in ball mills is
an important issue since they have a low
efficiency rate, partially due to the lack of creation
of cascading and cataracting movements for balls
and inappropriate shoulder and toe points [2].

For a given amount of balls, if the mill rotation
speed is higher than its critical speed, the balls
stick to the mill wall, and the grinding operation
does not happen. On the other hand, if the mill
speed is between 80% and 100% of its critical
speed, the suitable toe points are not created, and
the grinding energy is used to hit the balls with the
mill wall. However, if the mill speed is about 80%
of its critical speed, the appropriate shoulder and
toe points as well as the cascading and cataracting
movements are created, which result in a better
grinding. In this case, the dominant mechanism is
impact, and the abrasion mechanism is not very
effective. At speeds much slower than the critical
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speed, the cascading and cataracting movements
gradually disappear and the balls roll over each
other. In this case, grinding is not optimal and the
abrasion mechanism plays a more effective role
[2]. Among the other effective factors on creating
cascading and cataracting movements in mills,
lifters can be mentioned. Lifters cause the balls to
climb to a higher elevation and prevent their
slipping [2].

Simulation has become a common tool in the
design and optimization of industrial processes
[3-5]. The continuous increase in the computing
power is now enabling researchers to implement
the numerical methods that do not focus on the
granular assembly as an entity but rather deduce
its global characteristics from observing the
individual behavior of each grain [6]. Due to their
highly discontinuous nature, one should expect
that granular media require a discontinuous
simulation method. Indeed, to date, the Discrete
Element Method (DEM) is the leading approach
to those problems [6]. Due to its inherent
advantages in analyzing granular materials, DEM
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has been developed rapidly in the recent decades,
and is used widely in mineral processing
engineering [7-9]. Since in the mineral processing
industry we deal with the pulp, i.e. a combination
of solid and fluid phases, and DEM only has the
ability to simulate solid particles, for making
realistic simulations, its combination with other
methods such as Computational Fluid Dynamics
(CFD) and Smoothed Particle Hydrodynamics
(SPH) which can simulate the fluid phase is
essential. In the next paragraph, the SPH method
and its combination with the DEM method, i.e.
the DEM-SPH coupling method, will be
introduced.

Prediction of slurry flow in a ball mill is a
particularly difficult computational challenge. The
rotating mill geometry and the requirement to
resolve the free surfaces of the fluid make solution
using  grid-based  Eulerian flow  solvers
problematic. In particular, the fragmenting flow of
the many thin streams of fluid passing through the
potentially hundreds of grate holes is prohibitive.
The fluid method most suited to this application is
Smoothed Particle Hydrodynamics (SPH) since it
naturally allows the prediction of complex
splashing and fragmenting free surface flow for
the fluid in complex rotating mill geometries [10].
The problem of slurry transport in ball mills
requires both the ability to model the particulate
solids and the slurry. The methodology utilized
here to explore the flow of slurry in mills uses a
sequential DEM—SPH model. The process has
three key steps:

» Perform a DEM simulation to predict the
particle flow and average the particle data onto a
cylindrical grid to obtain a steady state volume
fraction and velocity distributions that then well
characterize the charge.

» Supply the continuum porosity and
velocity information from the DEM simulation to
the SPH code. The mill geometry used by the two
codes is the same but the charge representation
changes from discrete to continuous.

» Perform an SPH simulation of the
distribution of slurry in this charge using a
supplied slurry viscosity and a Darcy law porous
media drag based upon the porosity and velocity
distributions within the charge [11].

For processes in which slurry flow does not
dominate the coarse particle behavior, a one-way
coupled model can be used. With this approach, a
dynamic ‘‘porous media’’ can be characterized
from the DEM analysis by averaging the particles
onto a fixed data collection grid. This dynamic
porous medium is included in the fluid model to
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represent the average effect of the solid
component of the charge. The fluid method most
suited to this application is again the SPH method
since:

» It naturally allows prediction of complex
splashing and fragmenting free surface flow for
the fluid in complex rotating mill geometries.

» It supports coupling of the porous media
model to the fluid in order to predict fluid flow
within the dynamically moving particulate matrix
[10].

This sequential model is possible for ball mill
because the particulate flow is in the steady state
and the balls represented in DEM are only weakly
affected by the slurry motion. The slurry motion
through the charge is dominated by the flow of the
balls in the charge. Therefore, this one-way
coupling is capable of capturing the majority of
key physics required to predict the slurry
behavior. It allows prediction of slurry
distribution within the mill (both in the radial and
axial directions) as well as axial transport
including discharge through the grates and flow in
the pulp lifters and on the discharge end. The one-
way coupling means fluid affects particle motion
but particle motion does not affect fluid motion.
That is why it is called one-way. Inclusion of the
effect of particle motion on fluid motion (two-way
coupling), effect of particle disturbance of the
fluid that locally affects another particle motion
(three-way coupling), and effect of particle
collision on motion of both particles (four-way
coupling or a fully coupled SPH-DEM model) is
not currently possible with the existing hardware
in Iran.

So far, little works have been done in the field of
simulation of ball mills using the DEM and SPH
coupling. One of the newest works is related to
Sinnott et al. [12], in which an overflow ball mill
discharge and trommel flow has been simulated
using the combined DEM and SPH method. The
present work has some similarities and differences
with that one as follow: in our simulation, we used
the one-way coupling method in which continuous
fluid affects particle motion. However, in the
one-way coupling, particle motion does not affect
fluid motion. Also we concluded that in both the
no-lifter and 8-lifter ball mills, the addition of
slurry caused to lower the charge shoulder
positions but it raised the charge toe positions. In
the work carried out by Sinnott et al. [12], in the
mill grinding chamber, the addition of slurry was
found to lower the charge shoulder and toe
positions due to drag forces on the media as well
as produce a large slurry pool above the toe. Also
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they used a two-way coupling method in which
particle motion also affected fluid motion. In a
near future, we are going to perform two-way
coupling simulations or even for more reliable
simulations four-way coupling.

To control, optimize, and reduce the ball mill
power consumption, mineral processing engineers
must obtain enough information about their
operation conditions. One of the most effective
techniques is the use of computer simulations.
Computer simulations using methods such as
DEM or its coupling with other methods such as
SPH (DEM-SPH) can be effective to find the
optimal speed of ball mills, and as a result,
creating appropriate shoulder and toe points in
them as well as creating cascading and cataracting
movements. In this paper, the DEM and combined
DEM-SPH techniques are introduced and used to
simulate the milling operation of ball mills. Two
pilot scale ball mills with no lifter and with
8-lifter were simulated by both methods. The
effects of lifters on ball shoulder and toe points,
on creation of cascading and cataracting
movements for balls, and milling operation are
studied by both methods. In the DEM method,
only the solid phase (balls) is simulated but in the
DEM-SPH method, both the solid phase and the
fluid phase (balls/slurry) are simulated, that is, the
effect of the fluid phase on the movement of the
balls is also simulated.

In this research work, for the first time in Iran,
mineral processing equipment (ball mill) was
simulated by the DEM and SPH coupling
methods. In the previous research works, the
DEM and CFD coupling methods were commonly
used but in this work, the SPH method, which is a
mesh-free method, replaces the CFD method,
which is much more effective than CFD for
simulating the turbulent flows (like what is seen in
the ball mills). The coupling of these two methods
adds the ability to simulate the fluid phase to the
solid phase, which can be done by the DEM
method. For the first time, the effect of the fluid
phase on the shoulder and toe points was
simulated for pilot scale ball mills without lifter
and with eight lifters.

2. Simulation methods

2.1. Using DEM to predict particle flow

The Discrete Element Method (DEM) is a
numerical technique used to predict the behavior
of collision-dominated particle flows. Each
particle in the flow is tracked, and all collisions
between particles and between particles and
boundaries are modeled. DEM is a powerful
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numerical tool for simulating the mechanical
behavior of systems with a large number of
particles based on the motion and interaction of
particles and their representation as rigid
geometric bodies, commonly having a spherical
shape [13, 14], Simulations with spherical
particles can include millions of particles, and
using non-spherical particles is still not an easy
task. For spherical particles, the geometry is
described by the radius, and the interaction forces
can easily be calculated by contact laws like the
Hertzian contact law. For non-spherical particles,
the geometry representation and calculation of
contact forces are much more complex [13, 15].
DEM is based upon the Lagrangian approach, and
treats granular materials as an assemblage of
distinct particles, each governed by physical laws
[16, 17]. Each particle interacts with its neighbors
through particle-to-particle contacts, which can be
formed or broken at each time step [14, 16, 18-
20]. In the recent years, the drastic increase in
affordable computational power has allowed
DEM simulations to become a versatile tool for
industrial applications [21]. The recent advances
in discrete element modeling have resulted in this
method becoming a useful simulation tool that can
provide detailed information not easily measured
during experiments [22]. With the maturing of
DEM simulation, it has now become possible to
run simulations of millions of particles with
complex shapes and inter-particle cohesive forces
in tolerable times on a single processor [3, 21-23].
In this research work, the open-source software
LIGGGHTS was wused to perfoorm DEM
simulations. The DEM variant used here is
sometimes called a ‘soft particle method’. The
particles are allowed to overlap, and the extent of
overlap is used in conjunction with a contact force
law to give instantaneous forces from knowledge
of the current positions, orientations, velocities,
and spins of the particles [24]. Here, we used the
Hertz—Mindlin's contact force law. It states that
the repulsive force resulting from a collision is
calculated from the amount of normal overlap d,
and tangential overlap o, (soft-sphere approach)
[25]. This granular model uses the following
formula for the frictional force between two
granular particles when the distance r between

two particles of radii R; and R; is less than their
contact distance d = R; + R;. There is no force
between the particles when r > d:

Fz(knﬁnﬁ —ynvnij)+(kt6tij —ytvtij) (1)
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The first term is the normal force (F,) between the
two particles, and the second term is the tangential
force (F). The normal force has two terms: a
spring force and a damping force. The tangential
force also has two terms: a shear force and a
damping force. The shear force is a “history”
effect that accounts for the tangential
displacement (tangential overlap) between the
particles for the duration of the time they are in
contact.

The quantities in the equation are as follow:

k,: elastic constant for normal contact;

on;: d—r = normal overlap (overlap distance
between two particles);

Ya: Vviscoelastic damping constant for normal
contact;

vn;;: normal relative velocity (normal component
of the relative velocity of two particles);

kq: elastic constant for tangential contact;

ot;j: tangential overlap (tangential displacement
vector between two spherical particles, which is
truncated to satisfy a frictional yield criterion);

vy viscoelastic damping constant for tangential
contact;

vt tangential relative velocity (tangential
component of the relative velocity of two
particles).

Considering that the shear modulus (G) can be
calculated from the Young's modulus and Poisson
ratio, the Hertz—Mindlin contact model depends
on the following material parameters [25]:
Coefficient of restitution, e

Young's modulus, Y

Poisson ratio, v

Coefficient of static friction, s

Coefficient of rolling friction, ..

The maximum overlap between particles is
determined by the stiffness k, of the spring in the
normal direction. Typically, average overlaps of
0.1-0.5% are desirable, requiring spring constants
of the order of 10*-10° N/m in three dimensions.
The normal damping coefficient y, is chosen to
give the required coefficient of restitution e
(defined as the ratio of the post-collisional to the
pre-collisional normal component of the relative
velocity) [26].

In DEM, particles are traditionally approximated
by disks or spheres, in two and three dimensions,
respectively. These shapes are preferred due to
their computational efficiency. The contact is
always on the line joining the center of each
particle, and is as simple as comparing the
distance between their centers to the sum of their
radii [21, 23]. Since in a ball mill the balls are
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spherical, DEM can be appropriately used to
simulate their movement.

The drawback of DEM is that the time step has to
be chosen extremely small because the contact
force exhibits a very stiff behavior. Depending on
the material properties and the particle size, the
time step size can be as low as 10° s for an
accurate simulation [27-29].

2.2. SPH method for free surface fluid flow
SPH is a mesh-free or particle-based Lagrangian
method for solving systems of partial differential
equations. The material is spatially discretized as
SPH ‘particles’ using the SPH interpolation
process, and the governing partial differential
equations are converted to rates of change of state
variables stored on the particles. Critically, the
solution is solved on these particles, which move
with the material flow rather than using any fixed
mesh or grid structure. Hence the method is both
Lagrangian and mesh-free. Originally developed
for astrophysical applications by Gingold and
Monaghan [30], it was later extended to solve the
Navier—Stokes equations for the flow of
incompressible fluids by Monaghan [31]. The
method has subsequently been used extensively to
predict free surface and industrial fluid flows (see
[32-34] for many examples) and for many
astrophysical applications (see [32]).

SPH automatically follows complex flows. The
Lagrangian nature of SPH means that the
numerical diffusion across interfaces (where
particles change identity) is absent. This makes
the method particularly suited for fluid flows that
involve droplet formation, splashing, and complex
free surface motion. Although the SPH method is
particularly well-suited for high-speed
compressible flows, it is able to model a
low-speed incompressible flow [35-37].

SPH modelling of free surface fluid flows has
been well-established. The basic SPH method has
been described in details by Monaghan [38], and
its formulation for 3D industrial and geophysical
modellings has been given by Cleary et al. [33]. It
is a particle-based method for solving the
Navier-Stokes equations with complex free
surface behaviors in complex moving geometries,
and is ideally suited to modelling fluid flow in the
tumbling ball mills [12, 39]. The SPH method is
based upon the use of local interpolations from the
surrounding  discrete particles to construct
continuous field approximations [12, 39]. This is
the basis of the spatial discretization of the
governing equations. The interpolated value of a
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function A at any position r can be expressed
using SPH smoothing as:

A(r)zZmb%W(r—rb,h) 2)

where A, is the value of the A function at point b;
m, and p, are the mass and density of particle b,
and the sum is over all particles b within a radius
2h of r. Here, W(r, h) is a C’-spline-based
interpolation or smoothing kernel, which
approximates the shape of a Gaussian function but
has a compact support with radius 2h.

The gradient of function A is given by

differentiating the interpolation Eq. (2) to give:
VA(r)zZmbiVW(r—rb,h) (3)

b

Py

Using these interpolation formulae and suitable
finite difference approximations for second order
derivatives, one is able to convert parabolic partial
differential equations into ordinary differential
equations for the motion of the particles and the
rates of change of their properties. The SPH
continuity equation, taken from Monaghan
(1994), is:

B S, (v, v, )X VW, @)
dt 4
where p, is the density of particle a with velocity
v,, and my, is the mass of particle b. We denote the
position vector from particle b to particle a by 1y,
=1, - I, and let Wy = W(rp, h) to be the
interpolation kernel with smoothing length h
evaluated for the distance |ry|. This form of the
continuity equation is Galilean invariant (since the
positions and velocities appear only as
differences), has good numerical conservation
properties, and is not affected by free surfaces or
density discontinuities. The use of this form of the

continuity equation is very important for
predicting free surface flows. The SPH
momentum equation becomes [12, 39]:
dv,
a

O]

P P 4
Zm{(%z]—% x bl e Jele g W,

PPy (M, 1) T+’

where P, and p, are the pressure and viscosity of
particle a and v, = v, - v,. Here, & is a factor
associated with the viscous term, m is a small
parameter used to smooth out the singularity at r,
=0, and g is the gravity.
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Since the SPH method wused here is
quasi-compressible, one needs to use an equation
of state giving the relationship between particle
density and fluid pressure. A suitable one is:

2]

where Py is the magnitude of the pressure and py is
the reference density. y = 7 is suitable for water.
This pressure is then used in the SPH momentum
equation (Eq. (6)) to give the particle motion. The
pressure scale factor Py is given by:

(6)

P _100v2 =c?

o, (7

where V is the characteristic or maximum fluid
velocity. This ensures that the density variation is
less than 1% and the flow can be regarded as
incompressible.

2.3. One-way coupled DEM-SPH model

In general, the softwares that are separately
available for both the DEM and SPH methods can
be combined and used for coupling if they have
the same programming language. In this research
work, the open-source software LIGGGHTS (that
is a DEM software) and SPHysics (that is a SPH
software) were used. LIGGGHTS was used to
perform DEM simulations. Also coupling of
LIGGGHTS and SPHysics was used to perform
combined DEM-SPH simulations.

In this work, a sequential one-way coupling
between DEM and SPH was used. This is
achieved by averaging the velocity and porosity
information from a DEM simulation and using
this to characterize the steady state bed as a
dynamic porous media, through which the SPH
fluid is then able to flow. In this model, particle
motion does not affect fluid motion. This
approach was chosen since the particulate flow
was in the steady state and the balls represented in
the DEM were only weakly affected by the slurry
motion. Conversely, the slurry motion through the
beds is completely dominated by the flow of the
balls. This one-way coupling is, therefore, able to
capture the dominant interaction between the
phases required to predict the slurry behavior.
Inclusion of the weaker coupling of the slurry
back onto the balls requires a fully coupled DEM-
SPH model, and is currently impossible with the
existing hardware in this country [38].
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The one-way coupling between the DEM and
SPH simulations is performed using the following
steps:

»  First, a DEM simulation is run to predict
the particle flow and porosity information, which
is then spatially averaged onto a Cartesian grid to
obtain a volume fraction and velocity distribution
that characterizes the coarse particle charge.

»  Secondly, SPH is used to predict the flow

of the fluid and fine slurry component in this
charge using a supplied slurry viscosity and a
Darcy law porous media drag (Eq. (8)) based on
the porosity and velocity distributions from the
DEM simulation. The permeability is calculated
using the Kozeny-Carman relation (Eq. (9)).
The coupling of the slurry to the porous media is
accomplished using a Darcy law drag, which is
suitable for modelling porous media. The Darcy
drag law is given by:

V, -V,
FDarcy = gzpa w (8)
paKDEM

where ¢ is the porosity (void fraction) of the
porous media; p, is the fluid viscosity for SPH
fluid particle a; Va is the velocity of SPH fluid
particle a; Vpgy is the DEM solid velocity at that
point (interpolated from the grid), and p, is the
fluid density of particle a.

This force from the Darcy law is added to the
standard SPH momentum (Eq. (5)). The SPH
method has the advantage that it can easily solve
this coupled Navier—Stokes and Darcy law flow
problem since its pressure solution is quite robust
across the transition from free flowing fluid
(where the Navier—Stokes terms dominate) to drag
controlled flow in the porous media representing
the charge (where the Darcy drag dominates).

The permeability of the porous media at each
point of the charge is calculated from the porosity
using the Kozeny—Carman equation:

83

K:—Zz
CT(I—S) S

©)

where K is the permeability of the porous media;
C is the shape factor (typically 2-3); T is the
tortuosity of the fluid pathways through the
charge, and S is the ratio of surface area to
particle volume (from the DEM particles).
The SPH variables that are solved for are then the:
»  pore fluid velocity (or velocity of slurry in
the pores of the charge), and
»  bulk density of fluid (i.e. the fluid density
x local porosity).

3. Ball mill configuration

In this work, two pilot scale ball mills with no
lifter and with eight rectangle lifters were
simulated by both DEM and DEM-SPH (Figure
1). These geometries were built from the details
estimated from a range of manufacturer website
sources and were not intended to correspond to
any specific ball mill configuration. This is
intended to be a generic ball mill that is suitable
for:

» demonstrating the operation of the model
in being able to predict slurry and ball flow
behavior, and

» to  provide  general mechanistic
information that can enhance broad understanding
of effects of lifters on ball shoulder and toe points
as well as on creation of cascading and cataracting
movements for balls.

The detailed geometrical and operational
conditions and material properties for these pilot
scale ball mills are listed in Tables 1-3.

Figure 1. (a) Pilot scale ball mill with no lifter; (b) pilot scale ball mill with eight rectangle lifters.
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Table 1. Ball mill dimensions.

Pilot scale ball mill Dimensions
Mill length 5m
Mill diameter 3m
Rotation speed 15 rpm
Rotation of mill Counter-clockwise (as viewed from feed end)
Rectangle lifter length S5m
Rectangle lifter height 50 mm
Rectangle lifter width 50 mm

Table 2. DEM ball size distribution.

Ball size class (mm) Mass fraction (%)

38-40 15
34-38 30
30-34 30
26 -30 25

Table 3. Parameters used for the DEM/SPH
simulations of pilot scale ball mills.

DEM/SPH model details Value
% Fill of ball charge 35%
# DEM balls in simulation 700,000
Total mass of ball charge 5 tones
DEM spring constant 10° kg/m
Ball density (sg) 7.2
Ball sliding friction coefficient 0.5
Ball rolling friction coefficient 0.01
Poisons ratio 0.45
Young's modulus (N/m?) 5%x10°
Ball restitution coefficient 0.6
#SPH fluid particles 875,000
Initial fluid volume in mill 4200 L
SPH particle separation 8 mm
SPH sound speed 4 m/s
Fluid density (sg) 1.8
Fluid viscosity 300 cP
4. Results and discussion
Figure 2 demonstrates snapshots of the

simulations of the pilot scale ball mill with no
lifter using DEM and DEM-SPH, respectively.
Also Figure 3 demonstrates snapshots of the
simulations of the pilot scale ball mill with eight
lifters using the DEM and DEM-SPH coupling
methods, respectively. As already mentioned, in
DEM, only the solid phase (balls) is simulated but
in the DEM-SPH method, both the solid phase
and fluid phase (balls/slurry) are simulated, that
is, the effect of the fluid phase on the movement
of the balls is also simulated. Figure 4
demonstrates the height (m) and angle (degree) of
the shoulder and toe points in the pilot scale ball
mill with no lifter. It also shows that there is only
cascading movements, and shows that in dry
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condition (DEM), the shoulder point is higher
than that in the couple condition (DEM-SPH);
however, the toe point in a dry condition is lower
than that in the wet condition. It can be concluded
that the fluid phase causes the balls to rise to a
lower height, and as a result, the grinding will not
be done properly. Therefore, it is necessary that
the speed of the mill in the wet state is slightly
increased. Also Figure 5 demonstrates the height
and angle of the shoulder and toe points in the
pilot scale ball mill with eight lifters. It shows that
there are both cascading and cataracting
movements, and therefore, grinding in this case
will be better than in Figure 4, i.e. the no-lifter
mode. The same as Figure 4, it also demonstrates
that in dry condition (DEM), the shoulder point is
higher than that in the couple condition (DEM-
SPH); however, the toe point in a dry condition is
lower than that in the wet condition. It can be
concluded that in this case, also the fluid phase
causes the balls to rise to a lower height, and as a
result, the grinding will not be done properly.
Therefore, it is necessary that the speed of the mill
in the wet state is slightly increased. In general, it
can be said that in order to eliminate the adverse
effect of the fluid phase on grinding, the mill
speed should be slightly increased relative to the
dry state. The exact values for the height and
angle of the shoulder and toe points of the balls
are visible in both dry and wet conditions for
no-lifter and eight-lifter mills in Table 4.

In the first glance, the results shown in Figures
3-5 and Table 4 may seem simple software
outputs from DEM and SPH. However, after
simulations, all the required information is
available on the motion of particles and fluid
properties so that the researcher (computer user)
can examine the position of each individual
particle and the effect of the fluid phase on its
movement, which leads to the identification of
charge shoulder and toe points, which was the
main purpose of this work.
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(b) DEM-SPH coupling

(a) DEM

Figure 2. Snapshots showing the motion of particles on the pilot scale ball mill with no lifter (a) using DEM
simulation method (single solid phase); (b) using DEM-SPH coupling method (two phase). The fluid is
transparent and orange, while the particles are colored by their speed.

Velocity (m/s)|
04
03
0.2

0.1

0.0

(a) DEM (b) DEM-SPH coupling

Figure 3. Snapshots showing the motion of particles on the pilot scale ball mill with eight lifters (a) using DEM

simulation method (single solid phase); (b) using DEM-SPH coupling method (two phase). The fluid is
transparent and pale gray, while the particles are colored by their speed.

90°

Height (m)

270°

270°

Figure 4. Determining the height (m) and angle (degree) of the shoulder and toe points in the pilot scale ball mill

with no lifter (a) using DEM simulation method (single solid phase); (b) using DEM-SPH coupling method (two
phase). The fluid is transparent and orange, while the particles are colored by their speed.

o

Velocity (m/s)
04

03

Height (m)
Height (m)

0.2

0.1

0.0

o
270
(b) DEM-SPH coupling

270°

(a) DEM
Figure 5. Determining the height (m) and angle (degree) of the shoulder and toe points in the pilot scale ball mill
with eight lifters (a) using DEM simulation method (single solid phase); (b) using DEM-SPH coupling method
(two phase). The fluid is transparent and pale gray, while the particles are colored by their speed.
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Table 4. Values for the height and angle of the shoulder and toe points of the balls in both dry and wet conditions
for no-lifter and eight-lifter ball mills.

Mill Type Cascade Cataract Shoulder Toe height  Shoulder angle Toe angle
movement movement height (m) (m) (degree) (degree)
No-lifter dry yes no 2.00 0.72 19.36 214.16
No-lifter wet yes no 1.72 1.08 6.17 197.35
8-lifter dry yes yes 2.62 0.38 51.84 244.18
8-lifter wet yes yes 2.37 0.44 39.40 230.19

4.1. Need for validation

The aim of this paper was to propose and
demonstrate a numerical scheme based on one-
way coupling of the DEM and SPH methods for
modelling dense slurries interacting with coarse
particulates (here, balls) for complex industrial
process applications. At the present time, there is
little in the way of measured data for such flows
available in the public domain that can be used to
adequately validate these types of predictions.
This means that the results presented here are
necessarily somewhat speculative [40]. To use
these methods with confidence for process design
and optimization requires a detailed comparison
with  experiment. = Small-scale  laboratory
experiments can be selectively measured using
PEPT, and are expected to be one source of such
validation. However, experimental visualizations
for flow within the grinding chamber and
discharge from ball mills with diameters around 1
m are also highly desirable. Such measurements
are very difficult and expensive, and so are
expected to limit the rate at which these coupled
models can be sufficiently validated [40].

The key issues that would be illuminated by
comparisons of these simulation predictions with
a good experiment include:

1. Determining the functional nature and the
scaling of the coupling forces between phases.

2. Impact of the averaging of data to produce the
solid and fluid fractions and the phase velocities
that are the inputs to the coupling force
calculations.

3. Impact of the interstitial fluid on the contact
mechanics and the consequent changes in the
effective contact mechanical properties [40].

5. Conclusions

In this research work, an open-source software
LIGGGHTS (which is a DEM software) and
SPHysics (which is a SPH software) were used.
LIGGGHTS was used to perform the DEM
simulations. Also coupling of LIGGGHTS and
SPHysics was used to perform the combined
DEM-SPH simulations. The following results
were obtained:
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» In the pilot scale, ball mill with no lifter,
there is only cascading movements as well as in
dry condition (DEM) the shoulder point is higher
than that in the couple condition (DEM-SPH);
however, the toe point in a dry condition is lower
than that in the wet condition.

» In the pilot scale ball mill with no lifter,
the fluid phase causes the balls to rise to a lower
height, and as a result, it can affect the grinding
process. Therefore, in order to compute ball mill
power draw, DEM alone is not enough and
DEM-SPH coupling should be used.

» In the pilot scale ball mill with eight
lifters, there are both cascading and cataracting
movements, and therefore, grinding in this case
will be better than the no-lifter mode.

» The same as the no-lifter mode, in dry
condition (DEM), the shoulder point is higher
than that in the wet condition (DEM-SPH);
however, the toe point in a dry condition is lower
than that in the wet condition.

» Also in the 8-lifter case, the fluid phase
causes the balls to rise to a lower height, and as a
result, it can affect the grinding process.
Therefore, in order to compute ball mill power
draw, DEM alone is not enough and DEM-SPH
coupling should be used.

» In general, it can be said that in order to
more exactly compute the ball mill power draw,
DEM alone is not enough and DEM-SPH
coupling should be used. In other words, the
DEM-SPH coupling results are more reliable.

»  Finally, the results obtained indicated that
fluid slurry in the mill lowered the charge
shoulder by about 28 c¢cm and 25 cm in the
no-lifter and eight-lifter cases, respectively.
However, it raised the charge toe by about 36 cm
and 6 cm in the no-lifter and eight-lifter cases,
respectively.
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