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Abstract

Understanding the behavior of the mill load is crucial for optimizing the
efficiency of wet ball mills. Computational simulations have played a
significant role in unraveling the complex dynamics of wet ball mills,
offering valuable insights into the underlying mechanisms. However, the
literature lacks comprehensive reviews and summaries of the
advancements made in modeling wet ball mills. This paper aims to bridge
this critical gap by consolidating and presenting the major theoretical
developments achieved in the past two decades in modeling and
simulating wet ball mills. This review aims to comprehensively examine
the coupling of Computational Fluid Dynamics (CFD) and Discrete
Element Method (DEM) as a numerical technique for simulating wet ball
milling. The primary emphasis is on studies employing computational
simulation techniques to investigate wet ball milling, with a focus on
understanding the intricate interplay between the mill load, grinding
media, slurry, and the mill structure. Firstly, particle motion and contact
force models between particles, as well as the interaction forces in
multiphase systems, as part of DEM and CFD theories are reviewed.
Secondly, this paper discusses different ways of coupling CFD and DEM,
including theoretical developments and applications, with a brief
introduction to drag correlation models. Finally, the review highlights the
main challenges currently faced by CFD-DEM and identifies exciting
research topics for future studies. The study's findings illustrate the
successful application of Discrete Element Method (DEM) in simulating
the behavior of grinding media during wet milling. Additionally,
Computational Fluid Dynamics (CFD) techniques, such as Smoothed
Particle Hydrodynamics (SPH), have been utilized to model slurry
behavior. Moreover, research indicates the feasibility of coupling CFD
and DEM for simulating wet ball milling, although further investigation is
required to enhance understanding in this area. It can be concluded that
CFD-DEM is an effective method for simulating wet ball milling and
offers a new perspective on understanding industrial processes and
phenomena involving practical particle shapes. However, there are still
aspects that require further investigation. By consolidating existing
knowledge and identifying gaps in understanding, this review provides a
roadmap for future research in this area.
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Introduction

Understanding the behaviour of the mill load is of utmost importance in enhancing the efficiency of wet
ball mills. Wet ball milling is a widely used process in various industries, such as mineral processing,
cement production, and pharmaceuticals [15]. Milling contributes significantly to the operational costs
of mining operations, accounting for approximately 35% to 50% of the total expenses. Surprisingly, less
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than 10% of the energy supplied to a ball mill is effectively utilized for particle breakage [17, 9, 13, 30]
This emphasizes the importance of thoroughly understanding the internal processes within a ball mill to
optimize its efficiency. Even slight improvements in the design and operation of ball mills may lead to
substantial cost savings. Therefore, it is understand how ball mills work to maximize their potential and
improve their performance.

The performance of wet ball mills is influenced by factors such as the mill load, grinding media
characteristics, slurry properties, and the mill structure. Traditional experimental methods have offered
valuable insights into the behaviour of wet ball mills. However, their ability to capture the complex
dynamics and interactions within the mill is limited. Experimental testing has the advantage of providing
actual measurements under well-controlled operating conditions. However, it poses challenges due to
the need for costly measurement instruments that must function effectively in the aggressive milling
environment [28]. Computational simulations, specifically the coupling of Computational Fluid
Dynamics (CFD) and Discrete Element Method (DEM), have revolutionized the study of wet ball
milling by providing researchers with powerful tools to explore the underlying mechanisms in greater
detail. This cutting-edge approach harnesses mathematical relationships translated into executable
computer algorithms, enabling the comprehensive modeling of multiphysics systems. In the context of
wet ball milling, this powerful approach involves replicating the movement of the ball charge, the
behaviour of the liquid phase (slurry), and the interaction between the solid phase (grinding balls) and
the liquid phase [15, 10]. By employing computational simulations, valuable insights into ball mills can
be obtained at a fraction of the cost compared to experimental testing. This cost-effective approach
offers researchers the opportunity to gain in-depth understanding and optimize the performance of ball
mills without the need for expensive and time-consuming physical experiments.

Despite the progress made in modeling wet ball mills using computational simulations, there is a notable
lack of comprehensive reviews and summaries on this topic. Such reviews are essential for consolidating
the existing knowledge, identifying research gaps, and providing a direction for future studies. This
literature review paper aims to address this critical gap by presenting a comprehensive overview of the
major theoretical developments achieved in the past two decades in modeling and simulating wet ball
mills.

The objective of this paper is to comprehensively review the existing published research that utilizes the
coupling of CFD-DEM as a numerical technique for simulating wet ball milling. The focus is on studies
that have employed computational simulation techniques to investigate wet ball milling and have
contributed to understanding the intricate interplay between the mill load, grinding media, slurry, and
the mill structure in the past decade. By analyzing and synthesizing the available literature, this review
aims to provide a comprehensive understanding of the advancements made in modeling wet ball mills.

This review is organized as follows: Firstly, it summarizes the equations of particle motion and contact
force models between particles, as well as the interaction forces in multiphase systems, as part of DEM
and CFD theories. Understanding these fundamental equations is crucial for developing accurate
numerical models of wet ball mills. Secondly, the review discusses different ways of coupling CFD and
DEM, including theoretical developments and applications. It also provides a brief introduction to drag
correlation models, which play a vital role in simulating the behaviour of the slurry within the mill.
Finally, the review highlights the main challenges currently faced by CFD-DEM and identifies exciting
research topics for future studies.

In conclusion, CFD-DEM has proven to be an effective method for simulating wet ball milling. It has
provided valuable insights into the behaviour of the mill load, grinding media, slurry, and the mill
structure. The coupling of CFD and DEM offers a new way of understanding industrial processes and
phenomena involving practical particle shapes. However, there are still some aspects that require further
investigation, such as the development of more accurate drag correlation models and the integration of
additional complex phenomena. While some reviews have addressed the modeling of wet ball mills,
they primarily focus on energy profiles and particle size reduction [56]. To the authors' best knowledge,
there are no published comprehensive reviews specifically dedicated to the numerical modeling of wet
ball mills. By consolidating the existing knowledge and highlighting the gaps in understanding, this
review paper provides a roadmap for future research in the field of modelling and simulating wet ball
mills. It is hoped that this review will inspire researchers to explore new avenues and contribute to
further advancements in this area.
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Methodology

A systematic and comprehensive approach was meticulously followed in the selection of literature for
this review, aiming to provide a thorough understanding of the subject matter. The timeframe for the
literature selection was explicitly defined to encompass the most pertinent and current studies available.
The literature review strategy was intricately designed, involving systematic searches utilizing the well-
regarded academic database Google Scholar. Special attention was directed towards utilizing keywords
specifically related to "wet ball milling numerical simulation" and the coupling of Computational Fluid
Dynamics with Discrete Element Method (CFD-DEM).

Articles included in this review were meticulously chosen from peer-reviewed journals based on their
direct relevance to the topic and recency, specifically focusing on the application of CFD-DEM in wet
ball milling processes. The primary emphasis was on research papers either published in English or
translated to English within the last two decades to ensure the incorporation of the latest advancements
and information in numerical simulations of wet ball milling processes. Noteworthy studies that made
substantial contributions, even if published prior to the past 20 years, were also included to provide a
comprehensive overview of the field.

This meticulous selection strategy was implemented to ensure a comprehensive, in-depth, and up-to-
date review of the existing literature, encompassing developments and historically significant
contributions in the domain of wet ball milling numerical simulations.

Numerical modelling of grinding media

The first step in the numerical modelling of ball mills is to define the behaviour of the grinding media.
Discrete Element Method (DEM), a numerical technique extensively used in modelling the behaviour
of solid particles in granular systems has been successfully applied to model the dynamic behaviour of
grinding media. Thus, it has been possible to study mill charge dynamics, power draw, lifter design and
grinding process of tumbling mills among other things [41,42,52,50,41,42,22,52,49,23,38,45,24]. The
pioneering work on the Discrete Element Method (DEM) concept and its application to the study of
molecular dynamics was spearheaded by [2]. Building upon this foundation, [16] significantly enhanced
the theory of DEM through a meticulous exploration of numerical solutions for kinematic equations,
enabling precise determination of both particle positions and orientations. The DEM technique is
implemented by splitting dynamic events into discrete time steps. In doing so, finite particle
displacements and rotations are numerically computed. Furthermore, DEM also applies contact models
to represent collisions between particles [56,19]. The procedure is automated to perform the repetitive
computations after each time step. The strength of the DEM technique resides in the ability to
automatically perform contact detection for an assembly of particles and describe the motion of
individual particles while allowing for particle-particle interactions [32].

Exploring the Theoretical Foundations of Discrete Element Method

In DEM analysis, the dynamics of the solid phase of a particulate system are governed by Newton’s
second law of motion applied at the centre of mass of each particle (Equation 1). Euler’s second law of
motion is used to describe changes in angular momentum (Equation 2).
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Where ¥-ci, fj is sum of particle—particle interaction forces acting on particle i

f; is the sum of different forces that act on the particle i

M; is sum of different torques that act on particle i
X; 1s the particle position

v; is the translational velocity of particle

@; is the angular position.

wj is the rotational velocity of the particle

?i]-p Pis particle-particle interaction forces.

2fp . S . . . . . .
fi  is fluid-particle interaction forces in multiphase systems. This term is ignored in pure DEM

simulations.



57 Metall. Mater. Eng. Vol 32 (2) 2026 p. 54-67

- ext
f; are external forces acting on particle i due to uniform or non-uniform external fields such as

gravitational and magnetic fields.

IWH represents tangential torque, produced by particle—particle collision.
M’ri]_ is rolling friction

There are two primary forms of contact that can occur between particles: physical and non-physical.
Physical contact denotes a state in which two particles come into direct contact, and the resultant forces
from their collision adhere to established force-displacement principles. On the other hand, non-physical
contact involves particles that do not make direct contact but still influence each other through various
interparticle interactions, such as electrostatic or van der Waals forces [46,48].

There are three aspects of utmost importance that must be considered in the use of DEM. The first aspect
is representing the individual particles under investigation. In the case of ball milling, particles are
modelled as spherical in 3-D or circular in 2-D depending on the level of accuracy needed and the
complexity of the system at hand. Modelling particles in 2-D simplifies the computational process
because only x- and y-coordinates are then considered [41, 28]. The second aspect is inter-particle
collision events. Interparticle collisions can be modelled using the hard or soft-sphere approach. In the
hard-sphere approach, interaction forces are assumed to be impulsive so that particles exchange only
momentum through collision. Although in the soft-sphere approach, particles are also assumed rigid,
small overlaps are allowed to represent deformations during contact [46]. The last aspect is the DEM
computational cycle depicted in Fig. 1. This involves the estimation of accelerations, velocities, and
positions of particles. Once contact forces have been determined (bottom part of Fig. 1 ) using contact
mechanics, particle accelerations are computed by numerical integration of Newton’s laws of motion
(top part of Fig. 1 ). In ball milling systems, the laws of motion are applied to individual balls. Each ball
is treated as a separate entity experiencing combined translation and rotation. When the positions have
been determined, the cycle starts over again with contact detection at the next step.
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Particle collision forces

Numerous theories have been proposed to model particle collision in DEM. These models include the
linear spring-dashpot system, the classical Hertz’s theory for the normal direction and models developed
by [39]. However, there are still grey areas about the simulation capabilities and suitability of the contact
models for diverse DEM applications [55]. A step-by-step description of the collision and the dynamics
of the process are discussed by [46] and [48].

Contact forces between the colliding particles can be described using the Hertzian model as shown in
Fig. 2. In this model, the contact force generated by the impact of two colliding particles is approximated
to be generated along the straight line passing through the point of contact and the centres of the particles
[47]. This model assumes that when two spherical particles collide, they deform by a distance 6,, (see
Fig. 2 (¢)). The contact force acting on particle i can then be expressed as follows:
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dt
In Equation Error! Reference source not found.) m; is the mass of particle; v ; the velocity of

particle, g acceleration due to gravity, q is the damping coefficient, k is spring coefficient, and &,
deformation of the particle [37]. The Hertzian model offers a straightforward implementation in Discrete
Element Method analysis due to its compatibility with both numerical and analytical solutions. By
employing the Hertzian model, researchers and engineers can readily incorporate the necessary
equations and algorithms into DEM simulations. The model's simplicity allows for efficient numerical
computations, making it an accessible choice for analyzing particle interactions in granular materials.

Fig. 1. Particle contacts and overlap (a) particles approaching, (b) particle collide and overlap
(c) deformed particle on contact.
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The simplest and most common contact model is known as the linear spring-dashpot or LSD shown in
Fig. 3 [20,14,32]. This model comprises of springs and dashpots arranged in parallel. Inclusion of
springs and dashpots allows for modelling of both the elastic and viscous behaviors of the colliding
particles. In the LSD model the collision force in the normal direction is defined by Equation Error!
Reference source not found. and consists of the elastic.

> n - n = n
fij =Ta +faiss 5
-»> n
The normal elastic force ( fo; ) conserves the kinetic energy during collision. It is related to the normal
overlap (8,,) by the proportionality factor of spring stiffness (k) as illustratd in Equation 6

> n N

feo = _(kn(sn)nij 6
- n N

faiss = _(nnvrn)nij 7
Urn = UyNyj 8

Where k,, is the normal spring stiffness of linear spring.
Np 1s the normal linear velocity damping coefficient.
v 1S the relative velocity in normal direction.

- n
On the other hand, the viscous force, ( f3iss ), is proportional to the relative velocity of particles (vy,),
as shown in Equation Error! Reference source not found.. This viscous force component disperses
the kinetic energy of collision.

Fig. 2. Visco elastic model in normal direction [46]
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Accordingly, the collision force in the normal direction can be approximated by
> n
fij = —(kn6)1i; — Ve 9
[20, 37] used the LSD model of contact forces and computed particle accelerations from momentum
balances. They were able to show that the normal force (F,;) can be expressed as a function of spatial
overlap (8,) and normal relative velocity at the contact point (v,,,) as follows
E, = —k,6, + cpvp 10
When there is no tangential displacement Equation Error! Reference source not found.is reduced to

Equation 11 below. In other words, the system is simply and better described by a non-linear relation
[19].

E, = —k,5, /2 12
The tangential contact force was defined in terms of the relative tangential velocities of particles in
contact. The magnitude of this tangential force is determined by the relative tangential velocities and by
the Coulomb frictional limit, which is the point where the particles begin to slide over each other. The
magnitude of this force is calculated as shown below:

Ft = mln{|kt fttostdt+ Ct6t|J Han} 13
C,
Where k; is the tangential spring coefficients, c; the tangential damping coefficient, 8.is the tangential
overlap.

In EquationError! Reference source not found., the integral term represents a spring that stores energy
from the relative tangential motion which denotes the elastic tangential deformation that occurred when
particles touched since time t = t.,.The second part, characterizes the dashpot and accounts for the
energy dissipation of the tangential contact. The values of the normal and tangential spring and damping
coefficients i.e. k; K¢, ¢y, ¢ can be expressed as a function of the overlap and are discussed by[19,
48].
The total force acting on a particle can be represented as follows [31].

ma=YF =F+F+F+F 14
Where F}, are the different forces acting on the particle that include normal, tangential.
Fy, is the sum of the body forces like gravity, electrostatic or magnetic acting on the particle.
Fy is the force that the fluid phase exerts on the particles.
An important benefit of employing the LSD (Linear Spring-Dashpot) model is its simplicity, which
enables its analytical solution. This advantageous characteristic facilitates the straightforward
implementation of the LSD model into a numerical code once the collision parameters have been
estimated [46]. The simplicity of the LSD model, however, imposes limitations on the level of detail
that can be obtained from the analysis of contact events. It is crucial to recognize that the idealized nature
of the contact model restricts the ability to perform a comprehensive analysis of the contact event.
Therefore, it is important to exercise caution and avoid over-interpreting the outputs of the LSD model
in terms of their physical significance [58]. Despite these limitations, the analytical solvability of the
LSD model remains a significant advantage. This feature allows for efficient implementation within
numerical codes, facilitating simulations and providing valuable insights into the behavior of granular
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materials. While the LSD model may not capture the full complexity of contact events, it still serves as
a valuable tool for understanding macroscopic behavior and obtaining approximate results.

DEM Input Parameters
Selecting and fine-tuning input parameters that accurately reflect the characteristics of particles stands
out as a critical challenge in implementing the Discrete Element Method (DEM). When configuring a
DEM simulation, it is imperative to establish key parameters. These critical factors encompass material
contact properties (such as Young’s modulus, coefficient of restitution, and coefficient of friction), the
time step, and the contact model utilized.
Young's modulus (E) represents the ratio of stress below the material's proportional limit to the
corresponding strain, defining the rigidity or stiffness of a material and often referred to as the elastic
modulus. A particle composed of a material with a high Young’s modulus exhibits minimal deformation
upon collision [57]. Within DEM simulations, Young’s modulus is crucial for calculating elastic
deflections. While Young’s modulus does not influence the final shape of the material under
examination, adjusting its value significantly impacts computational time. Decreasing the Young’s
modulus accelerates simulations efficiently without affecting the flow behavior, leading to a common
practice of artificially reducing Young’s modulus to minimize simulation durations [59]. Although
Young's modulus is a pivotal parameter in DEM modeling, there is a notable absence of published
studies regarding its effects on the load behavior of ball mills.
The coefficient of restitution (e,,) is an indication of the residual kinetic energy after a collision of two
objects [25] . A high coefficient of restitution, implies very little kinetic energy was lost during the
collision. The coefficient of restitution can be expressed by Equation 15

ey = __vvrn',rb — e_(Ptcol 15

rn,imp

In DEM, the coefficient of restitution is used to determine the normal damping coefficient (c,). The
coefficient of restitution has also been found to have a bearing on milling simulations due to small
impact velocities with a strong elastic response [8]. It is still unclear how it affects the wet mill load
behaviour.
Generally, particle-particle and particle-wall interactions entail contact forces both in the normal and
tangential directions. However, concordant studies have highlighted the significance of rotational inertia
and energy loss in rotation of particles [3,4]. These should be accounted for when modelling dynamic
granular systems such as ball mills. One way of doing that is to describe the frictional forces acting on
particles: the rolling and sliding frictions. The two types of friction cause resistance to rolling and sliding
respectively. They are defined as follows [3]:

E =uF, 16
Where p, is the coefficient of rolling friction for the two surfaces in contact.
F. is the resistive force of rolling friction
F,, is the normal or perpendicular force of the particle on a surface
When a torque is applied to a stationary mill, static rolling friction holds back the motion of the charge.
As the mill rotates, a point is reached when the load begins to slide down the mill. At this point, the
sliding friction starts to act on the load. This is captured by the coefficient of sliding friction [3].

Hs = ;_Z 17
Where g is the coefficient of sliding friction for the two surfaces in contact
F; is the resistive force of sliding friction
F, is the normal or perpendicular force of the particle on a surface
The coefficient of sliding friction (Us) is a dimensionless number that indicates the amount of sliding
friction between two objects for a given normal force Equation Error! Reference source not found..
In DEM modelling, the effects of friction can be determined by varying both the coefficient of rolling
friction and the coefficient of sliding friction.
Choosing a suitable time step is an important process. Particle movement in dense multiphase systems
is not only affected by neighbouring particles but also by distant particles. The general approach is to
choose a numerical time step less than a critical value with the view to allowing the disturbance to
propagate between immediate neighbouring particles only [16]. Two methods can be used to determine
the critical time step size: the Rayleigh and the Hertz methods. For a particle (i) the Rayleigh time step
is given by [33]
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Ty Pi
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Where G; is the shear modulus of the particle given by

Y;
e 19

Here, v; is the Poisson's ratio and Y; is the Young’s modulus of the particle. The Rayleigh time step

solely depends on the particle properties, and thus will remain constant during the simulation for a given

set of particle properties [33, 34]. The Hertz time step is given by

Meq? ]O'Z 20

2
TeqYeq” Vmax

thertz = 2.87[

Where meq, req, Yeq are the equivalent mass and radius of the particle and its Young’s modulus
respectively. And v, is the magnitude of the maximum relative velocity between the particles.

The choice of time step is a trade-off between the accuracy of the model and computational time.
Generally, for dense multiphase systems, a time step between 15 and 30 % of critical time is acceptable,
and gives results that are close enough for industrial applications [34]. Equation Error! Reference
source not found. shows that increasing Young’s modulus of the particle results in a corresponding
increase in time step. Hence, a frequently used technique to increase the time step while reducing
computational time is to lower the particle stiffness.

The computational procedure for DEM simulations can be summarized as follows: The first step is the
simulation setup in which particle data, geometry, and properties of particles and walls are read into the
program. This is followed by an initialization process that includes defining all initial position and
velocity vectors, particle and wall properties that are required to compute contact forces. The second
step is launching of the particle iteration loop which controls the insertion of particles. The third step is
the prediction of position and velocities of particles at the next time step, using the history of position,
velocity, and acceleration of particles. It is at this stage that all contact forces are computed using the
contact model [46, 32].

Last note, a DEM simulation algorithm must allow predictable translations and rotations of the discrete
bodies, recognize new particle-particle interactions, and allow complete detachment during the
computation process. In the literature, early applications of the DEM in modeling comminution in ball
mills predominantly concentrated on simulating the motion and interactions of the grinding media, often
overlooking the significant influence of the slurry dynamics on the overall milling process.[Larsson]
DEM techniques become inadequate for multiphase granular systems composed of more than one phase.
Wet milling is one such a system consisting of two phases: the solid phase made up of grinding balls
and the liquid phase or slurry. DEM can only model the solid phase of a wet mill while the liquid is
dealt with using a different computational framework described in the next section.

Computational modelling of the liquid phase in multiphase granular systems

Work done by [1,11,13,18,40,50,51] demonstrate that DEM can be successfully used in dry mill
modelling. To simulate wet milling, better knowledge of the flowing fluid and the position of slurry with
respect to media charge are required. A technique known as Computational Fluid Dynamics (CFD) is
used to this end. Physical aspects of flowing fluid can be described by three governing principles. These
are conservation of mass, Newton’s second law, and energy conservation. Often-times, these
expressions are in the form of integral or partial differential equations depending on the flow models
from which they are derived. The CFD framework replaces the integrals or derivatives in the differential
equations with discretized algebraic forms. These new expressions are solved to obtain numbers of the
flow field values at discrete points in space and time.

CFD Computational Fluid Dynamics (CFD) methods are broadly classified into two main categories:
Eulerian and Lagrangian. This classification is based on the different perspectives that Leonhard Euler
and Joseph-Louis Lagrange held when observing fluid flow [53].

The Eulerian approach focuses on specific locations in the space through which the fluid flows as time
passes. This means the computational grid is fixed, enabling the solver to calculate the velocity at each
grid point. Widely used Eulerian methods include the Finite Difference Method (FDM), Finite Volume
Method (FVM), and Finite Element Method (FEM).
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In contrast, Lagrangian methods do not use a fixed mesh, but rather track individual fluid particles that
can move freely through space. This allows the observer to follow the motion of individual fluid particles
as they move through space and time. One of the most widely used Lagrangian methods is Smoothed
Particle Hydrodynamics (SPH).

To describe complex multiphase granular systems, researchers have developed hybrid CFD-
DEM (Discrete Element Method) models that combine Eulerian and Lagrangian approaches. These
hybrid models can capture the interactions between the fluid and solid phases more accurately
[15,54,6,35,56,27,37].

Modelling the liquid phase in multiphase granular systems

The general approach to modelling the flow of the fluid phase in a multiphase system is based on solving
the Navier-Stokes and continuity equations [15,37, 20,35]. The continuity and the Navier-Stokes
equations can be represented in their generic form by Equation (2.58) and Equation (2.59) respectively
[26,46].

a6%4_‘7(&/‘11}”):0 21
9
(pf;tfuf) +V(prasur) = Vp = f + V. (ap7) + prasg 2

Where a5 is the volume fraction occupied by the fluid, py is the fluid density, u velocity of the fluid, 7
is the stress tensor for the fluid phase and f,, represents the momentum exchange with the particulate
phase. When both the granular and fluid phases are incompressible, [37] showed that the mass
conservation equation could be written as follows

V. (afuf + asus) =0 23
Where oy is the volume fraction occupied by the solid phase, ug velocity of the solid phase.
When a solid particle moves through a fluid, the fluid and surrounding particles exert a force against the
particle called drag force. The magnitude of the drag force depends on the slip velocity between the
fluid and the solid as well as the porosity of the system amongst others. A portion of the drag force may
also emanate from the surrounding solids present in the fluid. In order to estimate this contribution, the
solid fraction (ag) and the solid field velocity (ug) are computed from the DEM simulations. This
provides initial information on the forces exerted on the particle under consideration for the estimation
of the drag force. The drag force can then be obtained by integrating the stress tensor over the particle
surface.

Interactions Coupling in multiphase granular systems
Multiphase granular systems can be modelled by combining DEM and CFD methods in a suitable
framework. Generally, this is done by applying the DEM to the solid phase and the CFD to model the
flow patterns of the liquid phase. The DEM and CFD solvers are allowed to exchange data in process
called coupling [31,21, 37,54,6,35,56]. The coupling concept is used to describe interactions between
liquid and solid phases. It occurs through the exchange of momentum and interaction forces between
phases. The fluid phase is described by defining the distributions of pressure, velocity, temperature, and
species concentration in the flow field. The solid phase, on the other hand, is described by size, position,
velocities, temperature, and concentration. This approach is novel in that it allows for the solution of
solid particle-particle interactions, fluid flow field, and particle-fluid interaction equations [32,37,46].
The principal steps for DEM-CFD coupling have been extensively discussed by [20] and [31].
The coupling routine consists of first calculating the positions and velocities of solid particles using a
DEM solver. Then, the computed results are passed to the CFD solver. Corresponding cells are
determined in the CFD mesh for particles; then, the volume fraction and average velocity of particles
are determined. From here, the computation of fluid forces acting on particles based on the particle
volume fraction is done. The last step is to determine particle-fluid momentum exchange by collectively
averaging all particle-fluid forces acting on each particle in a CFD cell. When these steps are completed,
the calculated data is sent to the DEM solver and used within the next time step. The CFD solver outputs
the fluid velocity considering local volume fraction and momentum exchange. The key steps of DEM-
CFD coupling are as shown in Fig 5.
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Fig. 3. Coupling Interface [37]
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The suitability of a multi-physics model to replicate a physical multiphase system will be a function of
the chosen coupling strategy. Interactions between phases can be grouped into four classes ranging from
one-way to four-way coupling. In order to determine the appropriate coupling strategy for a system, the
type of interphase transfer between phases, the mutual interactions of fluid and solid phases, the effect
of particle concentration on the coupling must be considered.
One-way coupling describes a system in such a way that the motion of the dispersed solid phase is
primarily affected by that of the continuous fluid phase. The motion of solid phase particles is assumed
to have negligible influence on the motion of continuous phase. In this case, the equations of the fluid
phase can be solved independently from equations of particles the Lagrangian way [46]. [44] applied
one-way coupling method to a wet ball mill. The effects of slurry on the motion of individual balls were
modelled by including drag and buoyancy defined by Equations Error! Reference source not found.
and Error! Reference source not found.
2

Fp = CqAps—— 23

Where Fp is the drag force.

Cgq is the drag coefficient.

A is the area of grinding media.

v, is the relative velocity between a ball and suspension.

The buoyant force, on the other hand, was given by

Fg = Vpps 23

Where Fy is the buoyant force and Vj is the volume of a ball

Slurry was assumed to be horizontal and undisturbed. Upon identifying and locating balls below
the slurry level, drag and buoyancy were applied to them in addition to other forces. In doing so, wet
milling was studied using the modified DEM algorithm that a has concept of the buoyancy and viscosity
of the slurry in a mill. Although useful information was extracted, the assumption that the slurry was
horizontal was an oversimplification of the load behaviour of a real mill. Concordant research has shown
that the profile of the load is crescent-shaped following the direction of rotation of the mill [29].
Furthermore, the study does not simulate the slurry flow in the mill. As such, the proposed one-way
coupling model may be regarded as inadequate since the slurry position is not stagnant.

Smoothed Particle Hydrodynamics (SPH) is a mesh-free computational procedure used for simulating
the mechanics of continuum media such as fluid flow. This method works by dividing the fluid into a
set of discrete elements, referred to as particles. These particles have a spatial distance (known as the
"smoothing length represented by h in Fig. 6), over which their properties are "smoothed" by a kernel
function. These particles represent an interpolation grid that is used to compute the fluid properties at
any given point in the simulation domain by using an interpolation function called the ‘Kernel” [53].
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Fig. 4 Illustration SPH[43].

Fluid particle
Smoothing lengthih)

A(r) = [A@ YW@ —1',h) dr 24
The interpolated value of a function A at any position r can be expressed using SPH smoothing
as shown in equation 30

A (r) = meb':—ZW(r—rb,h) 25

Where the summation index b denotes a particle label, and the summation is over all particles b within
a radius 2h of r. Particle b has mass my, position ry, density py, and velocity vy, The value of any
quantity A at ry, is denoted by Ay, [43].

Recently, [12] approached the wet milling problem by applying one-way coupling to DEM and
Smoothed Particle Hydrodynamics (SPH)Coupling was performed by simulating grinding media flow
in LIGGGHTS, then the data describing the velocity field was transferred to SPHysics. Finally, the
slurry flow field was estimated from SPHysics. In all the DEM-SPH simulations presented by [12], the
slurry appears to be stagnant (like [44]. One would expect this to be acceptable at low mill speeds but
not at speed above, say, 60 % of critical. Furthermore, no pool position information was presented in
the study.

Two prominent proposals for one-way coupling have been reviewed: [44], as well as [12]. In both cases,
the coupling assumed that the motion of grinding balls does not affect that of the slurry. The slurry was
assumed stationary and only allowed to create drag and buoyancy around immersed balls. This
simplification basically forced the slurry not to percolate through the dynamic bed of balls. The
shortcoming is partially addressed with two-way coupling schemes.
It is widely accepted that the motion of particles affects the motion of fluid phase in a wet ball mill and
vice versa. When modelling is done by replicating the bidirectional interaction, the flow is said to be
two-way coupled. Particle-induced fluid disturbances such as wakes behind a particle are a typical
example of two-way coupling [7].
[15] coupled DEM and Smoothed Particle Hydrodynamics (SPH) to predict the slurry flow patterns
within an SAG mill. In their work, the DEM was used to describe the motion and interactions of
individual balls which formed a bed of heterogeneous porosity. The SPH was employed to model the
slurry as a fluid of given rheological properties. Cleary et al. (2016) presented the media charge as a
dynamic porous bed through which the SPH fluid can flow. They were able to combine the two concepts
under what is called “DEM-SPH framework” to allow for the interaction between the two systems. The
porous media is characterized by the solid fraction and velocity distributions calculated from the DEM
simulation. The coupling of the slurry to the porous media is accomplished by applying the Darcy law
drag which is suitable for modelling porous media [15].

Farag = T (—va_VDEM) 25

PaKpEM
where ¢ is the porosity (void fraction) of the porous media

W, is the fluid viscosity for SPH fluid particle a

v, is the velocity of SPH fluid particle a
vpemM 1s the DEM solid velocity at that point (interpolated from the grid)

pa is the fluid density of particle a

Kpgm is the permeability of the porous media

In doing so, they managed to describe the entire system constituting the wet mill load. The porosity of
the bed as well as the motion and distribution of slurry within the load are amongst the most insightful
information one can get from the DEM-SPH simulations.
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However, the DEM-SPH coupling has one main drawback. Even though SPH is a powerful tool capable
of handling many types of material behaviors, it is rather slow and numerically unstable under extreme
fluid deformations present in wet mills. As such, there is still limited understanding on how solid media
and slurry interact

In some cases, disturbances of the liquid phase in the form of eddies and wakes affect the motion of
particles. This phenomenon needs to be modelled using what is called three-way coupling. In addition
to interactions between solid and fluid phases, particle-particle collisions can also influence the overall
motion of phases leading to a four-way coupling problem. Four-way coupling is suitable for modelling
dense flows with high frequency of collisions between particles [46,60]. Understandably, this type of
coupling is computationally intensive and yet to be applied to wet milling.

Programming Perspective

Numerical modeling of multiphase granular systems often involves combining Discrete Element
Method (DEM) and Computational Fluid Dynamics (CFD) solvers. These coupling routines are
typically offered as commercial software packages like RockyDEM and ANSY'S, which can be quite
costly and are generally restricted to shared memory machines [36]. To address the issue of high costs,
open-source codes have been proposed as viable alternatives for DEM and CFD analysis [31,15,12].
However, these open-source codes are not fully developed and can be challenging to program. Examples
of such open-source software include DEM solvers like LIGGGHTS and YADE. CFD solvers like
OpenFOAM and SPHysics, the latter being particularly popular due to its programmability and
adaptability, are also employed in this context. LIGGGHTS (LAMMPS Improved for General Granular
and Granular Heat Transfer Simulation) is an open-source software used for modeling granular material
within the DEM framework. It incorporates LAMMPS (Large-scale Atomic/Molecular Massively
Parallel Simulator), a conventional molecular dynamics solver used to model a wide range of materials
(Plimpton, 1995).

Interestingly, there appears to be no published research on the application of two-way LIGGGHTS-
OpenFOAM coupling in wet ball milling. However, based on our extensive literature review, it is
evident that LIGGGHTS-OpenFOAM possesses all the essential capabilities to accurately simulate the
dynamics of wet ball mills

Conclusion

Understanding the behaviour of the mill load is fundamental for optimizing the efficiency of wet ball
mills, which are integral to numerous industries. Numerical modelling has proven invaluable in
elucidating the internal macroscopic and microscopic processes within ball mills. Among these
modelling techniques, the Discrete Element Method (DEM) stands out as a powerful framework that
offers intricate details on charge motion, collision forces, energy dissipation, and power consumption,
among other critical parameters.

However, it's important to note that DEM is primarily tailored for dry mills, and there exists a dearth of
literature concerning how material properties influence the dynamic load behavior in wet milling
scenarios. To effectively model wet milling processes, a comprehensive toolkit capable of simulating
media, slurry, and their complex interactions concurrently is essential.

Given the intricate nature of wet milling systems, researchers have employed various strategies, from
adapting dry milling simulations and adjusting outputs for wet environments to employing simplifying
assumptions specific to wet milling conditions. Computational simulations, particularly the integration
of Computational Fluid Dynamics (CFD) with DEM, have revolutionized the exploration of wet ball
milling by offering invaluable insights at a fraction of the cost associated with experimental testing. The
utilization of CFD-DEM as a numerical approach for simulating wet ball milling has significantly
propelled our comprehension of the intricate interplay among diverse factors influencing mill
performance.

Future research endeavours should prioritize the refinement of drag correlation models to enhance the
precision of simulating slurry behaviour within milling processes. An imperative lies in integrating
intricate phenomena into computational models to elevate simulation accuracy, offering a deeper insight
into wet ball milling operations. A pivotal unexplored area in wet ball mill modelling pertains to the
direct inclusion of ore particle (referred to as powder in dry milling) effects in a coupled CFD-DEM
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model. As milling progresses, the transformation of slurry properties alongside the grinding of ore
particles is anticipated. While some scholars advocate for representing the powder effect through slurry
viscosity, a notable research opportunity persists in optimizing the incorporation of particle breakage in
wet ball milling models, particularly regarding the impact of grinding media on the slurry flow field.

In conclusion, this paper emphasizes the importance of computational simulations in understanding and
optimizing wet ball milling processes, while also highlighting the need for further research,
collaboration, and comprehensive reviews to advance the field and unlock the full potential of wet ball
mills in various industrial applications.

Acknowledgment
This work was financially supported by the Univeristy of South Africa

References

[1] M.K. Abd El-Rahman, B.K. Mishra, R.K. Rajamani: Miner. Eng. 14 (2001) 1321 — 1328.

[2] B.J. Alder, T.E. Wainwright: J. Chem. Phys., 31 (1959) 459-466.

[3] J. Ai, J.F. Chen, J.M. Rotter, J.Y. Ooi: Powder Technol., 206 (2011) 269-282.

[4] J.P.Bardet, Q. Huang: MD (Am. Soc. Mech. Eng.) 37 (1992) 85-92.

[5] J.P Bardet: Appl. Mech. Mater., 5 (1994) 159-182.

[6] D. Barrasso, A. Tamrakar, R. Ramachandran: Procedia Eng., 102. (2015) 1295-1304.

[7] F.K. Benra, HJ. Dohmen, J.Pei, S. Schuster, B.Wan: 2011. Eur. J. Appl. Math., 1 (2011) 1-16

[8] D. Boemer, J. P. Ponthot: Comput. Part. Mech., 4 (2016) 53-67.

[9] J. Bouchard, G. LeBlanc, M. Levesque, P.Radziszewski In: Canadian Mineral Processors
Conference, 2016, p.

[10] M. Broseghini, L. Gelisio, M. D’Incau, C.L. Azanza Ricardo, N.M. Pugno, P. Scardi: J. Eur.
Ceram. Soc., 36 (2016) 2205-2212.

[11] M.M. Bwalya, M.H. Moys, A.L. Hinde: Miner. Eng, 14 (2001) 565 — 573.

[12] J.M. Chengeni: JME 10 (2018) 151- 161.

[13] P.W. Cleary: [INAM, 25 (2001) 83 — 105.

[14] P. W. Cleary, R.D. Morrison: Miner. Eng. 24 (2011) 352 — 366.

[15] P.W. Cleary, M. Sinnott, R.Morrison: Miner. Eng. 19 (2006) 1517 — 1527.

[16] P.A Cundall, O.D. L Strack: Géotechnique, 291(1979) 47-65.

[17] J. Curry, M. Ismay, G. Jameson: 2014. Miner. Eng. 56 (2014) 70-80.

[18] A. Datta, B.K. Mishra, R.K. Rajamani: Can. Metall. Q., 38 (1999) 133 — 140.

[19] A. DiRenzo, F.P. Di Maio: Chem. Eng. Sci., 59 (2004) 525 — 541.

[20] C. Goniva, C. Kloss, A. Hager, S. Pirker in: Proceedings of the 7th International Conference on
CFD in the Minerals and Process Industries, 2010.

[21] C. Goniva, B. Blais, S.Radl, C. Kloss In: Proceedings of the 11th International Conference on
CFD in the Minerals and Process Industries, 2015.

[22] T. Inoue, K. Okaya In: Proceedings of the 19th International Mineral Processing Congress:
Comminution and Simulation and Control, 1995.

[23] C.Jahani : Journal of Mining and Environment, 10 (2019)151-161.

[24] C.T. Jayasundara, H.P. Zhu: Powder Technology, 395 (2022) 226-234.

[25] Z.Jiang, J. Du, C. Rieck, A. Biick, E. Tsotsas: Powder Technol., 362 (2020) 645-658.

[26] T. Jiyuan, G. H. Yeoh, L. Chaoqun: Computational Fluid Dynamics: A Practical Approach, first
ed, Elsevier, Oxford, 2008.

[27] P.Jonsén, J.F. Stener, B.1. Palsson, H. Hans-Ake Hiiggblad: Miner. Eng, 73 (2015) 77 — 84

[28] F.M. Katubilwa: Effects of pool volume on wet milling efficiency, University of Witwatersrand,
Johannesburg, 2013.

[29] F.M. Katubilwa, M.H. Moys: Miner. Eng, 24 (2011) 1502 — 1512.

[30] E. G. Kelly, D.J. Spottiswood: Introduction to Mineral Processing, John Wiley & Sons, New
York, 1982.

[31] C.Kloss, C. Goniva, G. Aichinger, S. Pirker In: Proceedings of the 7th International Conference
on CFD in the Minerals and Process Industries, 2009.

[32] C.Kloss, C. Goniva, A. Hager, S. Amberger, S. Pirker : Programming Computer Fluid Dynamics,
12 (2012) 143 — 152.



Metall. Mater. Eng. Vol 32 (2) 2026 p. 54-67

[61]

M. Kremmer, J.F. Favier : International Journal for Numerical Methods in Engineering, 51(2001)
1423-1436.

Y. Li,, Y. Xu: Powder Technol, 160 (2005). 219-228.

S. Loreti, 2017. DEM-PBM modelling of pharmaceutical ribbon breakage. University of Surrey,
Guildford, 2017.

V. Lvov, L. Chitalov: Minerals, 11 (2021) 485

K. Mayank, M. Malahe, 1. Govender, N. Mangadoddy: Procedia Engineering, 15 (2015) 139 —
149.

M. Mhadhbi: Advances in Materials Physics and Chemistry, 11 (2021)167-175.

R.D. Mindlin, H. Deresiewicz : ASME Journal of Applied Mechanics, 20 (1953) 327-344.

B.K Mishra: International Journal of Mineral Processing, 71 (2003) 95— 112.

B.K. Mishra, R.K. Rajamani: Kona Powder and Particle, 8 (1990) 92 — 98.

B.K. Mishra, R.K. Rajamani: Applied Mathematical Modelling, 16 (1992) 598 — 604.

J.J. Monaghan: Annual Review of Astronomy and Astrophysics, 30 (1992) 543-574.

H. Mori, H. Mio, J. Kano, F. Saito: Powder Technol, 143 — 144 (2004) 230 — 239.

F. Nkomo: A Multiphysics Model for the Numerical Simulation of Wet Ball Mills University of
South Africa, Johanessburg, 2022.

M. N. Norouzi, H.R. Sotudeh-Gharebagh, R. Zarghami: Coupled CFD-DEM Modeling:
Formulation, Implementation and Applications to Multiphase flows,

C.B. Padroés: Discrete element simulations with LIGGGHTS, Swansea University, United
Kingdom, 2014.

T. Poschel, T. Schwager, 2005. Computational granular dynamics: models and algorithms.
Springer-Verlag, New York, 2016, ISSN-1744-683X.

M.S. Powell, A. T. McBride, 2004. Miner. Eng, 17 (2004) 1099-1109

M.S. Powell, N.S. Weerasekara, S. Cole, R.D. LaRoche, J. Favier: Miner. Eng, 24 (2011) 341 —
351.

P. Radziszewski: Miner. Eng, 12 (1999) 1501 — 1520.

R.K. Rajamani: Mineral and Metallurgical Processing, first ed. Society for Mining, Metallurgy,
and Exploration, Inc., Littleton, 2000, 209-215

M. Sasson, S. Chai, G. Beck, Y. Jin, J. Rafieshahraki: Journal of Ocean Engineering and Science,
1 (2016) 119-128

M. Sen, D. Barrasso, R. Singh, R. Ramachandran: Processes 2 (2014) 89-111

J. Shéfer, S. Dippel, D. Wolf: Journal de Physique I, EDP Sciences, 6 (1996) 5-20.

L. M. Tavares: KONA Powder and Particle Journal, 34 (2017) 106 — 124.

J. T. Van Lew, Y.H. Park, A. Ying, M. Abdou: Fusion Engineering and Design, 98-99 (2015)
1893-1897.

N.S. Weerasekara, M.S. Powell, P.W. Cleary, L.M. Tavares, M. Evertsson, R.D. Morrison, R. M.
Carvalho: Powder Technol., 3 (2013) 248 3-24.

Z. Yan, S.K, Wilkinson, E.H. Stitt, M. Marigo: Computational Particle Mechanics, 2 (2015) 283
—299.

T.Zhao: Coupled DEM-CFD Analyses of Landslide-Induced Debris Flows, first ed., Springer-
Singapore, Singapore, 2017, 91-134.

S. Larsson, B. I. Pélsson, M. Parianb, P. Jonsén: A novel approach for modelling of physical
interactions between slurry, grinding media and mill structure in wet stirred media mills, Miner.
Eng. 148 (2020) 1-11.



