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A B S T R A C T

Wet comminution is an important process in the mineral processing industry. Modelling of wet comminution in
stirred media mills requires the simultaneous modelling of grinding media, a moving internal stirrer, and slurry.
In the present study, a novel approach for modelling the physical interactions between slurry, grinding media
and mill structure in a stirred media mill is presented. The slurry is modelled with the particle finite element
method (PFEM). The grinding media is modelled using the discrete element method (DEM) and the mill structure
is modelled using the finite element method (FEM). The interactions between slurry, grinding media and mill
structure are modelled by two-way couplings between the PFEM, the DEM and the FEM models. The coupled
model of the present study is used to predict the motion of slurry and grinding media, and to calculate the power
draw during wet comminution in a pilot scale horizontal stirred media mill. Furthermore, the model is used to
compare a Newtonian and a non-Newtonian model of the slurry, where the non-Newtonian model is used to
capture experimentally observed shear-thinning. The coupled PFEM-DEM-FEM model preserves the robustness
and efficiency of each of the methods and it gives the possibility to use large time increments for the fluid,
greatly reducing the computational expense. The coupled model of the present work provide information on the
complex dynamics of slurry and grinding media. The numerical model is shown to be a useful tool for increasing
the knowledge and understanding of wet comminution in stirred media mills.

1. Introduction

In the mineral processing industry, the cost of comminution con-
stitutes a large fraction of the total operating cost (Wills and Napier-
Munn, 2006). Most of the comminution in the mineral processing in-
dustry is done using tumbling mills, due to their capacity to handle
large material flows. A major drawback with tumbling mills is their low
energy efficiency (Wills and Napier-Munn, 2006). Much of the energy is
absorbed in low-impact contacts that do not break particles. A potential
alternative to the use of tumbling mills is stirred media mills, which
features a significantly higher energy efficiency compared to that of
tumbling ball mills (Jankovic et al., 2004; Shi et al., 2009). Stirred
media mills are increasingly used for fine and ultra-fine grinding of
ores, ceramic materials, pigments, chemical products, microorganisms
and other materials. A stirred media mill works by reducing the product
particle size inside a bed of grinding media. The grinding media consists
of a granular mass of small bodies which are typically made of glass,
steel or ceramic materials. The density of the grinding media usually

varies between 2.0–7.8 g/cm3 and their size is commonly between
0.1–10 mm. The grinding chamber is filled up to 85% of its volume with
grinding media (Kwade and Schwedes, 2007).

Stirred media mills can be either dry or wet. The operation of dry
stirred media mills and the impact of material and process parameters
have been the focus of many recent studies, for mills with both hor-
izontal (Altun et al., 2013; Altun et al., 2014; Rácz and Csoke, 2016;
Prziwara et al., 2018a) or vertical (Prziwara et al., 2018b) designs. An
industrial challenge in dry stirred media milling is that the milling limit
is approximately 1 μm. With a wet operating stirred media mill finer
particles can be produced (Sakthivel and Prasanna Venkatesh, 2012).
The many applications of micro- and nano-particles is reflected by a
growing body of research on the operation of wet stirred media mills,
with recent contributions such as Ohenoja and Illikainen (2015),
Breitung-Faes (2017), Heath et al. (2017), Flach et al. (2018). In prin-
ciple, the operation of a wet stirred media mill consists of the pumping
of a slurry through a grinding chamber. The slurry is a mixture of a fluid
and the material to be ground. Inside the grinding chamber is a shaft

https://doi.org/10.1016/j.mineng.2019.106180
Received 18 June 2019; Received in revised form 8 November 2019; Accepted 29 December 2019

⁎ Corresponding author.
E-mail address: simon.larsson@ltu.se (S. Larsson).
URL: http://www.ltu.se/staff/s/simlar-1.107562 (S. Larsson).

Minerals Engineering 148 (2020) 106180

0892-6875/ © 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/08926875
https://www.elsevier.com/locate/mineng
https://doi.org/10.1016/j.mineng.2019.106180
https://doi.org/10.1016/j.mineng.2019.106180
mailto:simon.larsson@ltu.se
http://www.ltu.se/staff/s/simlar-1.107562
https://doi.org/10.1016/j.mineng.2019.106180
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mineng.2019.106180&domain=pdf


with agitator elements attached to it. Rotation of the shaft brings the
grinding media and the slurry into motion, resulting in a large number
of contacts between the grinding media which in turn results in the size
reduction of the product. At the end of the grinding chamber, the slurry
leaves the stirred media mill while the grinding media is kept inside the
mill by a screen cartridge. An important property of the comminution in
wet stirred media mills is that the contacts between grinding media
bodies cause the number of stress events per unit time and unit volume
to be very high. It was noted by Kwade and Schwedes (2007) that the
operating parameters of wet communition in stirred media mills, and
the properties of the material to be ground have a strong effect on the
resulting product quality. It has been shown in the literature (see e.g.
Blecher et al., 1996; Kwade et al., 1996; Kwade and Schwedes, 2002)
that a stress model can be applied to evaluate the comminution in
stirred media mills. The stress models relate the comminution result to
the frequency and intensity of stressing events.

Wet comminution in stirred media mills is a technology that is not
completely understood. To further the knowledge and understanding of
the operation of stirred media mills, modelling and simulation are
powerful tools. Modelling and simulation allow for investigation of
phenomena that can be difficult or impossible to study experimentally.
Furthermore, a reliable numerical model can be used for the develop-
ment of new, or optimisation of existing stirred media mills. Numerical
prediction of the dynamics involved in the transient motion of the
grinding media and the slurry is a complex problem that requires robust
and efficient computational methods.

The motion of the grinding media during comminution can be
modelled either at the particle scale or at the continuum scale.
Originally formulated by Cundall and Strack (1979), the discrete ele-
ment method (DEM) is a computational method that has been widely
used to simulate the motion of various granular materials. In the DEM,
each physical particle in the granular mass is modelled with a discrete
particle. The motion of the granular mass is governed by the interac-
tions between the discrete particles, and between the discrete particles
and the surrounding structures. In the DEM, the motion of the in-
dividual particles is determined by Newton’s second law of motion, the
sum of forces acting on a particle is equal to its mass multiplied by its
acceleration. When using the DEM, the computational cost increase
with the number of particles in the model. Increased availability of
computational resources has allowed for the simulation of large systems
of granular materials, containing several millions of particles (Gan
et al., 2016). The DEM can be coupled with other numerical methods.
For instance, the mill structure can be modelled with the finite element
method (FEM), and a coupled DEM-FEM model can be used to simulate
the interaction between the grinding media and the mill structure.
Modelling the grinding media with the DEM enables a detailed study of
important aspects of comminution, such as the grinding media motion
and size distribution and the impact forces between the grinding media
bodies. In the literature, the earlier uses of the DEM for the modelling of
comminution in stirred media mills focused mainly on the motion of the
grinding media, without considering the influence of the slurry. Sinnott
et al. (2006) and Cleary et al. (2006a) used the DEM for the analysis of
dry comminution in pilot scale-sized vertical stirred media mills. The
authors focused on the study of grinding media flow patterns and en-
ergy absorption rates and distributions. Furthermore, the authors pre-
sented stress and wear calculations on the mill structure, and an in-
vestigation of the mixing and transport of the grinding media. Yang
et al. (2006) used the DEM to study grinding media flow patterns, flow
velocities, force fields and the power draw in a lab-scale sized hor-
izontal stirred media mill. A coupled DEM-FEM model was used by
Jonsén et al. (2011) to simulate the motion of the grinding media in a
tumbling mill. From the simulations, the authors calculated the stresses
and strain, mechanical waves and the structural response of the tum-
bling mill structure.

The modelling of wet comminution requires some numerical treat-
ment of the mix of feed material and fluid. Due to the small particle size

of feed material, it is not feasible to model larger quantities of slurry
using the DEM. Instead, it is modeled as a continuum, and its motion is
predicted using some continuum-based numerical method. A con-
tinuum-based numerical method that is frequently used in the literature
is the smoothed particle hydrodynamics (SPH) method. The SPH
method was originally developed independently by Gingold and
Monaghan (1977) and Lucy (1977) and it is a Lagrangian mesh-free
method, where the computational domain is represented by a set of
particles. The particles also serve as the frame over which the field
equations are approximated. In the SPH method, no direct connectivity
between the particles exist. Thus, the method can be used to simulate
events involving large deformation, without suffering from the nu-
merical difficulties related to severe mesh distortion, inherent in La-
grangian mesh-based methods such as the FEM. A coupled SPH-FEM
model was used by Jonsén et al. (2012) to study the grinding media and
its interaction with the mill structure in a tumbling mill process. Early
studies using coupled SPH-DEM models for simulation of grinding
media and slurry can be found in Cleary et al. (2006b) and in Gao and
Herbst (2009). Sinnott et al. (2011) used a coupled SPH-DEM model to
study the slurry distribution and transport in a tower mill. A coupled
SPH-DEM-FEM model was used by Jonsén et al. (2014) to study the
flow of the slurry and the motion of the grinding media in a ball mill,
and their interaction with the mill structure. In Jonsén et al. (2015),
this modeling approach was validated against experimentally measured
driving torque in a lab-size ball mill. Despite obtaining a good fit to
experimental results, the authors noted that the SPH method has major
issues regarding efficiency and stability.

An alternative to the SPH method is to use computational fluid
dynamics (CFD). Jayasundara et al. (2011) used a coupled CFD-DEM
approach to investigate the motion of the grinding media and fluid flow
in a horizontal stirred media mill. Similar studies using coupled CFD-
DEM models were performed by Beinert et al. (2014, 2015), where the
authors also included an extended study of contacts, with the aim to
quantify the contacts occurring during wet comminution in stirred
media mills. In a recent work by Jonsén et al. (2019), coupled particle
finite element method (PFEM), FEM and DEM models were used to
model a wet tumbling ball mill process. The authors performed a va-
lidation by comparing numerical results with experimentally measured
driving torque from an instrumented lab-size ball mill. Numerical and
experimental results were found to be in good agreement and the au-
thors pointed out that the PFEM model resulted in greatly reduced
computational time compared to that of a SPH model.

This paper presents a numerical investigation of the motion of
grinding media and slurry in a wet stirred media mill. The mill structure
is modelled using the FEM, the grinding media using the DEM and the
slurry using the PFEM. In the original PFEM developed by Idelsohn
et al. (2004) and Oñate et al. (2004), a fully Lagrangian description of
motion is used while in the present study, an arbitrary Lagrangian
Eulerian (ALE) approach with an automatic volume mesh generation is
used (Pin et al., 2007). The aim of the present study is to investigate the
feasibility of using the proposed approach to simulate the operation of a
high speed, wet stirred media mill.

2. Materials

The modelling tries to mimic the conditions in a small stirred media
mill under the following conditions. The grinding media in the present
study are beads of a sintered aluminum oxide (Al2O3). The bead shape
is spherical with a size in the range 1.2–2.0 mm. The bead density is
3.41 g/cm3 and the bulk density 2.13 g/cm3. An optical light micro-
scope image of the grinding media is shown in Fig. 1a. The feed ma-
terial is a dolomite powder. Dolomite is a material commonly used in
the chemical-technical and in the construction industries. The particle
size distribution of powders can be represented using the d10, d50 and d90

values, which represent the particle sizes when 10, 50 and 90% of the
particle population are below these values, respectively. The particle
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size distribution of the dolomite powder was determined using a CILAS
1064 laser diffraction instrument, resulting in d10 = 0.9 μm, d50 = 9.4
μm and d90 = 39.1 μm. The mean particle diameter was 15.0 μm. A
scanning electron microscope (JEOL JSM-IT300) image of the dolomite
powder is shown in Fig. 1b. The particle density 2.87 g/cm3 was
measured with a helium pycnometer (micromeritics Accupyc II 1340).
A sample of dolomite powder feed was mixed with water to create a
slurry with a solids concentration Cw=78.1%, resulting in a slurry
density of 2.035 g/cm3. The viscosity of this dolomite slurry as a
function of shear rate is presented in Fig. 2. The slurry density and
viscosity relationship are assumed to be representative for the condi-
tions in the mill.

3. Modelling and simulation

In this section, the numerical methods used for the simulations in
the present study are reviewed. Numerical models used for the grinding
media, the slurry and the mill structure are presented. This is followed
by a description of the coupling schemes and the simulation procedures.

In the present study, the grinding media is modelled with the DEM,
the slurry with the PFEM and the mill structure with the FEM. The
particle size of the feed material in the slurry is below 70 μm, and to
model the individual particles of feed material in the quantities of the
present work is not feasible using the DEM. Instead, the slurry is
modelled as a continuous fluid where its behaviour is governed by the
Navier–Stokes equations. The grinding media is modelled under the
assumption of no breakage or attrition during the comminution. This

assumption is justified by the short duration of the simulations. To
model the wet stirred media mill, a three-dimensional coupled PFEM-
DEM-FEM model is used. The computational model is implemented and
solved in the non-linear multi-physics code LS-DYNA, version R11.0.0
(LSTC, 2016), using 32–64 cores with 2.6 GHz CPUs with ×2 128 GB
local memory.

3.1. Discrete element method

In the DEM, the translational and rotational motion of a particle i
with mass mi and inertia Ii is governed by Newton’s second law of
motion (c.f. Cundall and Strack, 1979)

∑= +v F Fm d
dti

i

j
ij
c

i
g

(1)

and

∑=I ω Md
dt

,i
i

j
ij

(2)

where vi and ωi are the translational and angular velocities of the
particle. Contact forces and torque acting on particle i by particle j are
given by Fij

c and Mij, and the gravitational force is given by Fi
g. The

evolution of the particle velocities, locations and contact forces is ob-
tained by numerical time integration of Eqs. (1) and (2). Typically, the
time integration proceed in an explicit manner. However, in some re-
cent studies (see e.g. Radjai and Richefeu, 2009; Samiei et al., 2013;
Servin et al., 2014), implicit time integration schemes has been used.

3.2. Incompressible fluid dynamics

In the present study, fluids are modelled based on the in-
compressible hypothesis. The incompressible hypothesis is valid if the
Mach number M is less than 0.3 (Ferziger and Peric, 2002). M is defined
as M= V/a, where V represents the velocity of the fluid flow relative to
a fixed object, and a is the speed of sound in the fluid. A wide range of
industrial applications meet the condition M < 0.3, including the wet-
operating stirred media mill modelled in the present study. An equation
of state (EOS) is traditionally required to determine the hydrostatic
behaviour of a material by calculating the hydrostatic pressure as a
function of the density. With the incompressible hypothesis the density
is constant and thus no definition of an EOS is required.

3.2.1. Governing equations
The continuity equation (conservation of mass) states that for a

steady state process, the mass flow rate into a system equals the mass
flow rate out of the system. The continuity equation is given by

Fig. 1. Optical light microscope image of the sintered aluminum oxide (Al2O3) grinding beads (a) and scanning electron microscope image of the dolomite powder
(b).

Fig. 2. Viscosity as a function of shear-rate. Viscosity measured with a rota-
tional rheometer and a fitted non-Newtonian viscosity model (Cross, 1965).
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where ρ is the fluid density, t is time, ui are the velocity components and
the index i refer to the space coordinates xi. If the flow is approximated
as incompressible, ρ is not a function of time or space. Thus ∂ ∂ ≅ρ t/ 0
and ρ can be taken outside the partial derivative. Thus Eq. (3) is re-
duced to a volume continuity equation
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The conservation of linear momentum is given by the Navier–Stokes
equations
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where σij is the total stress tensor and fi are the components of external
volume forces. The total stress tensor is given by
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where p is the hydrostatic pressure, μ is the fluid dynamic viscosity and
δij is the Kronecker delta
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In a nearly incompressible flow we have
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and thus the last term inside the parenthesis in Eq. (6) can be neglected
and Eq. (6) can be written as
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By this procedure, the term ∂ ∂σ x/ij j in Eq. (5) can be reduced to
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With this simplification of the viscous term in the momentum
equations, the Eulerian form of the governing system of equations for
incompressible Newtonian fluids is obtained
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To complete the governing equations requires an appropriate defi-
nition of the boundary and initial conditions. The boundary conditions
are defined either as Dirichlet boundary conditions, where the value of
the solution is prescribed on the boundary, or as Neuman boundary
conditions, where the derivative of the solution is prescribed on the
boundary. Initial conditions are imposed by prescribing the velocity
u x t( , )i i and the pressure p x t( , )i at the initial time =t 0

=u x u x( , 0) ( ),i i i i
0 (13)

=p x p x( , 0) ( ).i i
0 (14)

3.2.2. Time integration
In the present study, the time integration of the Navier–Stokes

equations is performed using the fractional step method, originally
outlined independently by Chorin (1968) and Témam (1969). A main
feature of the fractional step method is that pressure and velocity are

uncoupled, resulting in four linear systems of equations, three for the
momentum equations and one for the continuity equation. The frac-
tional step method computes the velocity in three main steps. In the
first step, a predictor velocity that does not satisfy the incompressibility
condition is computed. In the second step, the predictor velocity is
projected onto a space of divergence free vector fields. A flow velocity
field where the divergence is zero is equivalent to an incompressible
flow velocity field. The projection results in a Poisson equation of
pressure. The computed pressure is then used to correct the velocity,
resulting in a divergence free velocity. In the third step, the corrected
velocity is used to move the particles to a new position. Convergence is
obtained when the final position of the particles is stationary, within
some error margin. For an in-depth description of the fractional step
method applied to the numerical solution of incompressible flow pro-
blems, the reader is referred to Brown et al. (2001) or Codina (2001).

3.3. Fluid structure interaction

In the present study, the fluid structure interaction (FSI) between
slurry and mill structure and between slurry and grinding media is
modelled using a partitioned (or staggered) approach. In a partitioned
approach, the fluid and solid equations are uncoupled, allowing the use
of different computational codes for the fluid and the solid domains,
respectively. A major advantage of this method is that codes that are
specifically designed for fluids or solids can be used simultaneously in
the computational domain. A loosely coupled scheme for FSI is used. In
a loosely coupled scheme, only one solution of either field is required
per time step. Thus, there is no requirement of convergence of the fluid
and solid variables at the interface. This is advantageous in terms of
computational efficiency since it avoids the iterative step required for
convergence. The loosely coupled scheme is suitable in cases where the
solid density is much greater than that of the fluid (Baek and
Karniadakis, 2012; Sotiropoulos and Yang, 2014).

3.3.1. PFEM-FEM coupling
A feature of the current modelling approach is that the description

of motion is dependent on the problem conditions. The description of
motion is Eulerian for problems without FSI. Thus, for such problems
the mesh remains fixed in space. In a FSI problem, the boundaries be-
tween the solid and the fluid are Lagrangian and are allowed to deform
with the structure. In the present study, an arbitrary Lagrangian
Eulerian (ALE) approach is used for FSI problems. Using the ALE for-
mulation for FSI problems allows for a robust and accurate imposition
of solid boundary conditions on the fluid. The ALE description of mo-
tion requires some reformulation of the governing equations for in-
compressible Newtonian fluids (Eqs. (11)), resulting in
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∂
∂

=u
x

0,i
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where vj is the velocity of the moving reference frame (LSTC, 2014).

3.3.2. PFEM-DEM coupling
The interaction between the slurry and the grinding media is

modelled as a two-way coupling between the PFEM and DEM models. A
partitioned approach with a loose coupling scheme is used. A loose
coupling scheme is required since the DEM code use explicit time in-
tegration and the PFEM code use implicit time integration. The explicit
scheme is conditionally stable and requires small time steps for nu-
merical stability. The implicit scheme is unconditionally stable and
allows the use of larger time steps, without suffering from stability is-
sues. In the two-way coupling, the grinding media affects the fluid by
adding the mass and velocity of the DEM particles to the volume forces
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in the governing equations for the fluid. In the other direction, the fluid
flow over the DEM particles result in a drag force on the DEM particles.
This force is computed by assuming a potential flow around a sphere for
each DEM particle, and using the drag force equation of a sphere

=f
v Aρ C

2
,d

f f d
2

(17)

where vf is the fluid velocity, =A πr2 is the projected area of a sphere
with radius r , ρf is the fluid density and Cd is the drag coefficient. The
drag coefficient is a dimensionless quantity that depends on the shape
of the object and the flow conditions around it. The drag coefficient is
typically dependent on the Reynolds number. In the present work, a
constant value of Cd is assumed. This assumption is based on the find-
ings in Reddy and Joshi (2008), where CFD was used to study the drag
coefficient for flows through packed beds.

3.4. Modelling non-Newtonian viscosity

The rheological behaviour of the dolomite slurry was investigated
experimentally. It was observed that the shear stress was not linearly
related to the shear-rate. Thus, the slurry is a non-Newtonian fluid and
since the relationship between shear stress an shear-rate is nonlinear,
the dynamic viscosity is dependent on the shear-rate. The behaviour of
the slurry was like that of a shear-thinning (pseudoplastic) fluid. In a
shear-thinning fluid, the dynamic viscosity μ is reduced as the shear-
rate γ ̇ increases. In the present study, a viscosity model originally for-
mulated by Cross (1965) is used. The relationship between viscosity
and shear rate is given by

= +
−

+∞
∞μ μ

μ μ
λγ1 ( ̇)

,n
0

(18)

where μ0 is the zero shear-rate viscosity, ∞μ is the infinite shear-rate
viscosity, n is a dimensionless constant governing the deviation from a
Newtonian fluid and λ is a time constant.

In the present study, different cases are considered where the fluid
in the stirred media mill is either water or a dolomite slurry. Water is
modelled as a Newtonian fluid, with parameters according to Table 1.
The slurry is modelled either as a Newtonian fluid or as a non-New-
tonian shear-thinning fluid. A measured viscosity and shear-rate re-
lationship (Fig. 2) is used to obtain the viscosity of the slurry. The
viscosity as a function of the shear-rate is measured with a Anton Paar
Rheolab QC rotational rheometer using a CC27 bob cup set-up. For the
Newtonian model of the slurry, the mean value of the measured visc-
osity versus shear-rate is used. For the non-Newtonian model, a non-
linear least squares method was used to fit the model to the experi-
mental points, as shown in Fig. 2. The model parameters obtained from
the fit are presented in Table 1.

3.5. Simulation procedures

The simulations in the present study were performed on a geome-
trically simplified pilot-scale sized stirred media mill (Drais PMH 5
TEX), shown in Fig. 3, with a cylindrical chamber with a constant inner
diameter. Inside the chamber, there is a centrally located agitator in the
form of a cylindrical shaft with a constant diameter and fitted with
seven discs. Each disc has six holes, equally spaced along the perimeter

of the discs. Six of the seven discs are placed 40 mm apart from each
other, and the seventh disc is placed 64 mm from the sixth disc. Some
relevant dimensions of the mill are summarized in Table 2. Depending
on the fill ratio, the mill is filled with approximately 300,000–600,000
mono-sized spherical discrete particles with a diameter of 2 mm. In
Table 3, the DEM parameters used in the simulations are listed. The
sliding friction coefficients were obtained experimentally and since the
grinding beads are spherical, a low value of the rolling friction coeffi-
cient was assumed. The Young’s modulus of Al2O3 is in the order of 300
GPa. In the present study, the DEM solver uses explicit time integration
and the time step size is thus proportional to the Young’s modulus of the
particles. To reduce the computational time, the Young’s modulus is set
to a value three orders of magnitude smaller than the real value. In the
literature (Lommen et al., 2014; Yan et al., 2015), it has been shown
that values of the Young’s modulus in the range 107–1011 Pa has a
negligible effect on the bulk flow behaviour. The fluid in the mill is
modelled either as a Newtonian or as a non-Newtonian fluid using the
PFEM in the ICFD module in LS-DYNA. The boundary conditions for the
fluid are an inlet flow of 1.5 l/min and an outlet with a prescribed
pressure set to zero, as shown in Fig. 4. The inlet is circular with a
diameter of 20 mm. The two outlets have the shape of a combined
rectangle and two semicircles, each outlet has a surface area of
957 mm2. A no-slip boundary condition is assumed between the mill
structure and the fluid. The mill structure is discretized using FEM shell
elements and the material is assumed to be rigid. The effect of gravity is
included as a body load, acting in the vertical direction on both the
grinding media and the fluid. The simulations are set up by prescribing
a rotational velocity to the agitator. For most of the simulations, the
agitator is accelerated from 0 to 250 rpm in 0.5 s, resulting in a disc tip
speed of approximately 1.6 m/s. The rotational speed is then kept
constant for the remaining time of the simulation, see Fig. 5.

4. Results and discussion

A number of simulations were set up to investigate the ability of the
coupled PFEM-DEM-FEM model to reproduce comminution in the
stirred media mill. Initially, the mesh convergence of the PFEM model
was investigated. In the subsequent simulations, the dynamics of the
fluid and grinding media and the performance of the stirred media mill
were investigated for different operational conditions.

4.1. Mesh convergence study

For the mesh convergence study, a Newtonian fluid with density
=ρ 1.0 g/cm3 and a dynamic viscosity =μ 1.052 mPa·s was chosen.

These values correspond to the properties of water at 18 °C. The fluid
volume in the stirred media mill was discretized with an increasing
number of elements, and the simulations were run until a steady state
driving torque on the agitator was obtained. To evaluate the mesh size
dependency, the accumulated rotational kinetic energy of the agitator
was extracted at the end of the simulations. The accumulated rotational
kinetic energy and the total CPU time required to run the simulations
are shown in Fig. 6, for an increasing number of elements. Compared to
the most resolved model (≈ 6.9 million elements), the third level of
refinement (≈ 1.2 million elements) resulted in a kinetic energy dif-
ference less than 0.4%, while the CPU time was reduced by more than

Table 1
Fluid model parameters used for water and dolomite slurry.

Fluid Viscosity model ρ (g/cm3) μ (Pa·s) μ0 (Pa·s) ∞μ (Pa·s) λ (s) n (–)

Water Newtonian 1.00 × −1.052 10 3 – – – –
Slurry Newtonian 2.035 2.008 – – – –
Slurry Non-Newtonian ∗ 2.035 – 430.3 0.7836 132.1 0.597

∗ The non-Newtonian viscosity model is a model for shear-thinning fluids formulated by Cross (1965).
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95%. Thus, the third level of refinement was selected and used
throughout the remainder of the present study.

4.2. Power consumption

A driving torque τ is required to maintain the rotational velocity of
the agitator during the operation of the stirred media mill. The inter-
actions between the fluid, grinding media and mill structure results in
loads on the agitator and the driving torque will vary with these loads

Fig. 3. Schematic showing cross sections of the geometrically simplified stirred media mill.

Table 2
Dimensions of the stirred media mill.

Dimension Value (mm)

Chamber diameter 149
Chamber length 415
Shaft diameter 50
Disc diameter 121
Disc thickness 12
Disc hole diameter 23
Gap between disc −1 6 40
Gap between disc −6 7 64

Table 3
Physical properties for the DEM model of the grinding media.

Property Value

Particle diameter (mm) 2
Particle density (g/cm3) 3.41
Young’s modulus (MPa) 300
Poisson’s ratio 0.21
DE-DE frict. coeff., sliding 0.11
DE-DE frict. coeff., rolling 0.01
DE-FE frict. coeff., sliding 0.5
DE-FE frict. coeff., rolling 0.01
Damping coefficient 0.5
Fill ratio/nr. of particles 0.4/299000

0.6/448000
0.8/597000

Fig. 4. Stirred media mill model showing the locations of inlet and outlet boundary conditions.

Fig. 5. Prescribed tip speed of the discs.
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to keep the rotational velocity constant. The power output P is given by
the scalar product of τ and the angular velocity of the agitator ω. Thus,
the performance of the stirred media mill can be evaluated by com-
paring P for varying fluid and grinding media properties and opera-
tional conditions. In Fig. 7, the power draw versus time is illustrated for
varying operational parameters. It is stressed that this is a theoretical
(pure) power draw for just rotating the agitator. No mechanical or

electrical losses are accounted for, nor any breakage. Fig. 7a shows the
power draw for a dry milling case where only the grinding media is
included. The theoretical (pure) power draw is presented for three
grinding media fill rates: 40, 60 and 80% of the total mill chamber
volume. A clear correlation between power draw and fill rate is ob-
served where increasing the fill rate results in increased power draw.
Fig. 7b shows the power draw for a model where only the slurry phase

Fig. 6. Mesh convergence study and CPU time required to run the simulations
for an increasing number of elements. The accumulated rotational kinetic en-
ergy of the agitator and the CPU time are shown as functions of the number of
elements in the model.

Fig. 7. Calculated (pure) power draw from the stirred media mill model. In (a) for a dry case where no slurry phase is included, in (b) for a model where only the
slurry is included, in (c) for a coupled model including a Newtonian slurry and the grinding media and in (d) for a coupled model including a non-Newtonian slurry
and the grinding media.

Fig. 8. Calculated (pure) power draw from the stirred media mill model for a
coupled model including a non-Newtonian slurry and the grinding media. The
grinding media fill ratio is 60% and the power draw is shown for three different
disc tip speeds.
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is considered. When comparing the Newtonian and non-Newtonian
slurry models it is observed that the non-Newtonian model results in a
lower power draw at increased rotational speed. This result is attributed
to the shear-thinning properties of the non-Newtonian slurry. In-
creasing the rotational speed results in higher shear-rates and thus
lower slurry viscosity compared to that of the Newtonian model. Lower
viscosity implies reduced resistance for the stirrer, resulting in a lower
power draw.

In Fig. 7c and d, the power draw versus time is shown for models
including both the grinding media and the slurry, in Fig. 7c the slurry is

modelled as a Newtonian fluid and in Fig. 7d it is modelled as a non-
Newtonian fluid. When comparing the power draw in Fig. 7c and d to
that of Fig. 7a and b it is observed that the power draw from the models
including both slurry and grinding media is higher compared to the dry
model and the model with only slurry. In the models incorporating both
grinding media and slurry, using a Newtonian model for the slurry
(Fig. 7c) results in an increased power draw compared to when a non-
Newtonian slurry model is used (Fig. 7d), illustrating the importance of
including the non-Newtonian nature of the slurry to accurately model
power draw in the wet stirred media mill. In Fig. 8, the power draw is

Fig. 9. Slurry velocity shown in a section from the stirred media mill model. The results are shown at a time =t 2 s, for a case where the slurry is modelled as a non-
Newtonian fluid and the grinding media fill ratio is 60%. The velocity field is colour coded, where blue represents stationary or slow moving slurry and red represents
fast moving slurry with a velocity of 1.0 m/s or higher. For clarity, the grinding media is hidden from view. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 10. Grinding media distribution and velocity shown in clipped sections from the stirred media mill model. In (a) a section in the length direction taken in the
center of the shaft and in (b) a section in the radial direction, taken in the middle between discs 5–6 from the right. The results are shown at a time =t 2 s, for a case
where the slurry is modelled as a non-Newtonian fluid and the grinding media fill ratio is 60%. The velocity distribution is colour coded, where blue represents
stationary or slow moving particles and red represents fast moving particles with a velocity of 1.0 m/s or higher. For clarity, the slurry is hidden from view. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Abrasive wear distribution on the stirred media mill agitator discs and shaft for a case where the slurry is modelled as a non-Newtonian fluid and the
grinding media fill ratio is 60%. The wear distribution is calculated using Archard’s wear law and it is shown for three different disc tip speeds: 0.8 m/s in (a), 1.6 m/s
in (b) and 3.2 m/s in (c). The results are shown at a time =t 2 s, red represents areas of increased wear. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 12. Contact energy spectra illustrating the frequency of the normal component of particle–particle collisional energies. In (a) for a dry model where no slurry is
included and in (b) for a coupled model including a non-Newtonian slurry and the grinding media.
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shown for varying disc tip speeds. It is observed that increasing the disc
tip speed results in a significantly increased power draw. The modelling
approach of the present study provides opportunity to determine stirred
media mill performance for various slurry and grinding media proper-
ties. The power draw is an important parameter for wet comminution in
stirred media mills. Experimental measurement of the power con-
sumption would provide an excellent opportunity for validation of the
proposed numerical modelling strategy. It is important to note that the
power draw in the present study is a relative calculation that only
consider the resistance of the grinding media and the slurry. Power
losses resulting from mechanical and electrical efficiency as well as the
actual grinding (breakage of feed material particles) are not taken into
account.

4.3. Slurry and grinding media motion and wear prediction

The proposed model can be used to obtain detailed information on
the dynamics of both slurry and grinding media during mill operation.
The numerical model was used to study the velocity of the slurry
(Fig. 9) and the velocity and distribution of the grinding media
(Fig. 10). The results in Figs. 9 and 10 are for a case where the slurry is
modelled as a non-Newtonian fluid and the grinding media fill ratio is
60%. It is observed that both the slurry and grinding media velocities
decrease with increased radial distance from the discs, as shown in
Figs. 9 and 10. Thus, most of the grinding media motion occurs between
the discs. Gravity compresses the grinding media resulting in an in-
creased confining pressure in the bottom of the mill. Thus, the grinding
media becomes increasingly difficult to shear by the motion of the discs.
Lower confining pressure in the upper part of mill allows the grinding
media to move faster, as shown in Fig. 10.

Modelling the slurry as a non-Newtonian fluid and with a grinding
media fill ratio of 60%, an abrasive wear distribution was calculated on
the agitator and shaft, this result is shown in Fig. 11. The wear was
calculated with an implementation of Archard’s wear law (Archard,
1953). It is observed from Fig. 11 that increasing the disc tip speed
results in an increased wear development, which is in line with what is
predicted by Archard’s wear law where wear is proportional to the
sliding velocity and the contact pressure. With the proposed numerical
model, the grinding media and slurry dynamics, as well as abrasive
wear distribution can be investigated for a wide range of material and
operating parameters. Thus, the model constitutes an efficient tool
useful for the design of stirred media mills.

4.4. Contact energy spectra

The contact energy dissipation associated with grinding media in-
teractions was calculated from the stirred media mill model. Each
particle–particle contact event is associated with an energy dissipation.
To quantify the individual particle collisions during the motion of the
agitator, a contact energy spectra was calculated. The calculation of
energies associated with particle–particle collisions was based on a
strategy outlined by Beinert et al. (2015). The energy spectra illustrates
the frequency distribution of the normal component of contact energies,
see Fig. 12. In Fig. 12a, the normal contact energy frequency distribu-
tion is shown for a model with grinding media and no slurry phase, and
the same results are shown in Fig. 12b with a slurry phase included.
Results are presented for grinding media fill rates of 40, 60 and 80%. It
is observed that an increased fill rate results in fewer low energy col-
lisions. Furthermore, the model where slurry is included generally re-
sults in more frequent low energy collisions compared to the model
with no slurry. In the contact energy spectras, a lower contact energy
cut-off value of −10 15 J was used. A quantification of grinding media
contact events provide an opportunity to investigate how changes in
stirred media mill design and operational parameters affect the dis-
tribution of collisional energies. Thus, the energy efficiency can be
improved by shifting the energy spectra to more useful contact events.

The present work is focused on horizontal stirred media mills but the
strategy for contact quantification is generic and can readily be applied
to any mill geometry.

Modelling of the breakage of the feed material was out of scope in
the present study. In the literature, the breakage rates of the feed ma-
terial has been quantified by the collision energy spectra from DEM
simulations of a mechanistic model of a ball mill (Tavares and de
Carvalho, 2009; De Carvalho and Tavares, 2013). In the present study,
a strategy for computing the contact energy spectra is presented and a
logical extension of the present work would be to include a feed
breakage model based on the contact energy spectra, for instance the
model presented by (Tavares and de Carvalho, 2009).

5. Conclusions

A novel approach based on fundamental, measurable physical re-
lations is used to model the interactions between slurry, grinding media
and mill structure in a wet stirred media mill. The approach is based on
two-way couplings between PFEM, DEM and FEM models. The PFEM
was used to model the slurry, the DEM to model the grinding media and
the FEM to model the mill structure. The slurry was modelled both as a
Newtonian fluid with constant viscosity and as a non-Newtonian fluid
with viscosity dependent on the shear-rate. The presented computa-
tional model was used to quantify the dynamics of the grinding media,
the power draw and the particle–particle contact energy distribution. In
conclusion, the proposed numerical approach is capable of representing
the interactions between slurry, grinding media and mill structure in a
stirred media mill. The model developed in the present study can be
used to investigate how varying slurry and grinding media properties as
well as operational parameters affects the efficiency of a wet stirred
media mill. Finally, it is concluded that the numerical model of the
present work is a powerful tool for increasing the knowledge and un-
derstanding of wet comminution in stirred media mills.
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