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Abstract. Suspension flows in industrial processes, such as transportation and sedimentation, are strongly
influenced by fluid-particle interactions. The presence of different-sized particles in mineral slurry flows alters
suspension rheology and shear response, leading to complex flow behaviour, including size-induced segrega-
tion. This study employs a fully-resolved CFD-DEM framework, integrating the Immersed Boundary Method
(IBM) with the Discrete Element Method (DEM), to investigate suspension flows with varying particle sizes
and non-Newtonian rheology. The developed model captures intricate particle-fluid interactions, sedimenta-
tion dynamics, and shear-induced segregation, which are critical for applications such as tailings transport and
thickener performance optimization. The results provide insights into the influence of rheology on settling
behaviour and highlight the significance of particle size segregation in determining flow characteristics during
sedimentation/transportation. These findings contribute to the development of improved drag correlations and
transport models for high-concentration suspensions in industrial applications.

1 Introduction

Particulate flows play a vital role in industries such as
mining, water treatment, and food processing. In mining,
managing tailings—the waste from mineral extraction—is
a significant challenge, with global production reaching
approximately 14 billion tons in 2010 [1]. Tailings are
typically transported as slurries to large storage facilities
known as tailings dams. Conventional transport methods
rely on slurries with low solid concentrations (<30% w/w),
resulting in excessive water consumption, rapid dam fill-
ing, and heightened environmental risks. In arid regions
such as Australia and Chile, reducing water consumption
in mineral processing is essential to addressing ecologi-
cal and economic challenges, including dam stability con-
cerns and landscape contamination.

Advancements in thickener technology have enabled
the use of higher-concentration tailings suspensions, sig-
nificantly reducing environmental impact. Thickeners
function by removing excess water through sedimentation,
yielding a denser underflow with enhanced stability. In-
creasing tailings concentration from 30% to 50% w/w can
reduce water discharge in dams by 60%, minimizing land
use and improving dam stability [2]. However, slurries
contain particles of varying sizes, from fine to coarse. As
water is removed, fine particles mix with the remaining
fluid, causing thickened slurries to exhibit non-Newtonian
behaviour—specifically yield-pseudoplastic characteris-
tics—that alter their interaction with particles [3]. Under-
standing these complex fluid-particle interactions is cru-
cial for optimizing pipeline transport and sedimentation
processes.
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To investigate these interactions, we developed and im-
plemented a fully-resolved CFD-DEM approach that cou-
ples the Immersed Boundary Method (IBM) with the Dis-
crete Element Method (DEM) for particle flow modelling.
The presence of a wide particle size distribution affects
settling dynamics and fluid-particle interactions, which are
critical for optimizing thickener performance and pipeline
transport. This paper provides an overview of our inves-
tigations into how rheology and polydispersity in suspen-
sions influence sedimentation and shear-induced segrega-
tion, including results published in [4–6].

2 Methodology

CFD-DEM is a method based on the Eulerian-Lagrangian
approach, which gives detailed information on individ-
ual particles trajectories. The CFDEMcoupling pack-
age [7] contains some solvers based on this approach.
In this package, the CFD calculation is conducted using
OpenFOAM-based solvers while the particle/particle in-
teraction is simulated by a DEM code, LIGGGHTS. For
the CFD part, the incompressible Navier-Stokes equations
are solved:

▽.u = 0 in Ω (1)

∂
(
ρ f u
)

∂t
+ ▽.
(
ρ f uu
)
= −▽p + ▽.τ in Ω (2)

The current study aims to resolve the interactions;
therefore, the IB solver, cfdemSolverIB, from the CFDEM-
coupling package is utilized. This solver employs a ver-
sion of the IBM, in which the presence of the particles is
detected by calculating the fluid void fraction (ε f ) over the
Cartesian grid, as shown in Figure 1. The cells that are en-
tirely covered by the particles get the value of void fraction
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Figure 1. Dynamic mesh refinement near the particle interface

equal to zero (ε f = 0), while those containing just the fluid
are assigned a value of one (ε f = 1). There are some cells
at the interface that are partially covered by the fluid and
by the particle. For these cells, the void fraction is calcu-
lated based on the fractional volume covered by the parti-
cle. Therefore, to accurately detect the particle interface, a
dynamic grid refinement approach is used as shown in the
figure. For the solid phase in DEM, Newton’s second law
is employed:

mi
dU p

i

dt
=

nc
i∑

j=1

Fc
i j + F f

i + Fgi + mig,

Ii
dωi

dt
=

nc
i∑

j=1

Mc
i j + M f

i (3)

in which mi and Ii denote mass and moment of inertia
for particle i, U p

i and ωi are the translational and angu-
lar velocity of the particle, Fc

i j and Mc
i j represent the con-

tact force and torque, F f
i and M f

i are the interaction force
and torque acting from fluid on the particle, and Fgi is the
buoyancy force.

The boundary conditions at the interface of fluid and
particles are:

u = ui and (−pI + τ) .n̂ = tΓs on Γs (4)

where ui denotes the particle interface velocity and tΓs rep-
resents the traction vector of the fluid on the particle sur-
face. In the Immersed Boundary Method, these rigidity
constraints are imposed through different approaches in
the interface region, either by Lagrangian points (Figure
2(a)) or ghost-cell interpolation (Figure 2(b)). By integrat-
ing the stress condition over the particle interface and us-
ing Gauss theorem, the following relation for interaction
force is obtained:

F f
i =

∫
Γs

(−pI + τ) .n̂dΓs =

∫
Ω

[−▽p + ▽.τ
]
δxdΩ

=
∑
c∈Th

(−▽p + ▽.τ) (c)V(c) (5)

Similar to the procedure presented above, the torque acting
on particle, M f

i , is calculated by:

M f
i =
∑
c∈Th

[
r(c) × (−▽p + ▽.τ) (c)

]
V(c) (6)
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Figure 2. Imposing particle rigidity constraints by different IBM
approaches [4]

The buoyancy (Fgi ) is the upward force exerted on the im-
mersed object because of the displaced fluid. It can be
obtained from the following equation:

Fgi =
∑
c∈Th

(
ρ f g
)

(c)V(c) (7)

In Eq. (3), Fc
i j and Mc

i j are calculated by the non-linear
elastic Hertz-Mindlin model [8]. In this model, the to-
tal contact force (Fc) is modelled by the summation of a
normal contact (Fc,n) and tangential contact (Fc,t) force
components. Each of these forces comprises a damping
(damper) and an elastic (spring) part, which are defined
as:

Fc = Fc,n + Fc,t (8)
Fc,n = −knδn + cn∆un

Fc,t = min
{∣∣∣∣∣∣kt

∫ t

tc,0
∆utdt + ct∆ut

∣∣∣∣∣∣ , ηF
c,n
}

in which kn, kt, and cn, ct are the normal and tangential
elastic and damping constants, respectively, δn is the nor-
mal overlap between two contacting surfaces, ∆un, ∆ut are
the normal and tangential components of relative veloci-
ties between these surfaces, and finally, η is the Coulomb
friction coefficient.

3 Results and Discussions

The presence of carrier water in slurries, combined with
very fine tailings materials, results in a distinct fluid ex-
hibiting non-Newtonian rheology characterized by a yield-
pseudoplastic model, i.e., the Herschel–Bulkley model [9].
This non-Newtonian fluid begins to flow only after exceed-
ing a specific external stress threshold (yield stress); before
this point, it behaves as a rigid body without deformation.
The fluid exhibits a wide range of viscosity values depend-
ing on shear rate. After yielding, its shear stress-shear
rate relationship becomes non-linear. In this case, the IBM
used for simulating particle flow in non-Newtonian fluids
must account for the wide viscosity variations and accu-
rately enforce rigidity constraints to capture fluid-particle
interactions.

∆ρ=411, Bi*=8.864, Re'=0.000596 ∆ρ=734, Bi*=1.363, Re'=0.1638 ∆ρ=1000, Bi*=0.741, Re'=1.019 ∆ρ=2980, Bi*=0.244, Re'=28.55

Figure 3. The predicted yielded region by IBM-DEM around a single particle settling in a yield-pseudoplastic fluid [4]

To investigate the sedimentation process in a non-
Newtonian flow, the developed solver is applied to the set-
tling of a single particle. A resolution criterion of 8 grid
cells per particle diameter is used for the simulation, along
with a level-2 refinement at the particle–fluid interface, as
depicted in Figure 1. This grid arrangement provides local
refinement at the interface, offering a reasonable balance
between computational time and accuracy [5].

Figure 3 illustrates the yielded region around the set-
tling particle in fluids with different rheological properties.
These properties vary depending on the tailings material,
as different materials exhibit distinct yield stresses and
non-linear shear stress-shear rate behaviour. As shown in
Figure 3, the size of the yielded region around the settling
particle enlarges depending on the characteristics of the
tailings material. The results demonstrate the precise im-
position of boundary conditions by the Immersed Bound-
ary Method, enabling accurate calculation of fluid–particle
interactions in a non-Newtonian yield-pseudoplastic fluid.

The outcome of this investigation can be applied to de-
veloping a drag correlation for particle-fluid interactions
in thickened slurries, which must be transported to storage
sites. Using the proposed IBM, comprehensive data can be
generated under various rheological conditions in multi-
particle suspension flows. The predictions from these sim-
ulations contribute to a robust drag correlation for this non-
Newtonian fluid, which is essential for designing pipeline
systems for slurry transport.

The thickened slurry from the thickener can still be
treated as a mixture of fine and coarse particles suspended
in a Newtonian carrier fluid [5, 6]. The second part of this

study examines the distribution and settling behaviour of
different-sized particles in thickened slurries under shear,
mimicking the effect of the pipeline wall during transport.
A bidisperse system of small and large particles was cho-
sen as the simplest representation of a system with varying
particle sizes, capturing essential features without unnec-
essary complexity. As shown in Figure 4(a), shear gen-
erated by two moving sidewalls can induce size segrega-
tion in a suspension with a diameter ratio of l = 2, af-
fecting particle-fluid interactions and, consequently, sedi-
mentation in the pipe. Figure 4(b) illustrates shear-induced
segregation, where large particles accumulate in the cen-
ter, while smaller particles concentrate near the walls.
This size-dependent accumulation significantly influences
particle-fluid interactions during sedimentation.

Figure 4(c) shows that smaller particles exhibit a re-
duced sedimentation rate as shear increases. This reduc-
tion in settling velocity correlates with their displacement
toward the near-wall region, as illustrated in Figure 4(b).
In contrast, larger particles, concentrated in the center, are
less influenced by shear and exhibit a significant increase
in settling velocity. These findings suggest that size segre-
gation plays a crucial role in particle-fluid interactions in
sheared systems.

Building on the size-induced segregation, the transport
of bidisperse slurries is simulated in pipe flow using the
IBM approach. Figure 5 illustrates three pipes transporting
particles in fluid flow, with a focus on how the transport of
large particles is affected when a specific volume of large
particles is replaced by smaller ones. The investigation
reveals that introducing smaller particles into a monodis-
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Figure 4. Effect of shear rate generated by moving walls on a bidisperse system with l = 2 [6]
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Figure 1. Dynamic mesh refinement near the particle interface

equal to zero (ε f = 0), while those containing just the fluid
are assigned a value of one (ε f = 1). There are some cells
at the interface that are partially covered by the fluid and
by the particle. For these cells, the void fraction is calcu-
lated based on the fractional volume covered by the parti-
cle. Therefore, to accurately detect the particle interface, a
dynamic grid refinement approach is used as shown in the
figure. For the solid phase in DEM, Newton’s second law
is employed:
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as:
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elastic and damping constants, respectively, δn is the nor-
mal overlap between two contacting surfaces, ∆un, ∆ut are
the normal and tangential components of relative veloci-
ties between these surfaces, and finally, η is the Coulomb
friction coefficient.
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The fluid exhibits a wide range of viscosity values depend-
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Figure 3. The predicted yielded region by IBM-DEM around a single particle settling in a yield-pseudoplastic fluid [4]

To investigate the sedimentation process in a non-
Newtonian flow, the developed solver is applied to the set-
tling of a single particle. A resolution criterion of 8 grid
cells per particle diameter is used for the simulation, along
with a level-2 refinement at the particle–fluid interface, as
depicted in Figure 1. This grid arrangement provides local
refinement at the interface, offering a reasonable balance
between computational time and accuracy [5].

Figure 3 illustrates the yielded region around the set-
tling particle in fluids with different rheological properties.
These properties vary depending on the tailings material,
as different materials exhibit distinct yield stresses and
non-linear shear stress-shear rate behaviour. As shown in
Figure 3, the size of the yielded region around the settling
particle enlarges depending on the characteristics of the
tailings material. The results demonstrate the precise im-
position of boundary conditions by the Immersed Bound-
ary Method, enabling accurate calculation of fluid–particle
interactions in a non-Newtonian yield-pseudoplastic fluid.

The outcome of this investigation can be applied to de-
veloping a drag correlation for particle-fluid interactions
in thickened slurries, which must be transported to storage
sites. Using the proposed IBM, comprehensive data can be
generated under various rheological conditions in multi-
particle suspension flows. The predictions from these sim-
ulations contribute to a robust drag correlation for this non-
Newtonian fluid, which is essential for designing pipeline
systems for slurry transport.

The thickened slurry from the thickener can still be
treated as a mixture of fine and coarse particles suspended
in a Newtonian carrier fluid [5, 6]. The second part of this

study examines the distribution and settling behaviour of
different-sized particles in thickened slurries under shear,
mimicking the effect of the pipeline wall during transport.
A bidisperse system of small and large particles was cho-
sen as the simplest representation of a system with varying
particle sizes, capturing essential features without unnec-
essary complexity. As shown in Figure 4(a), shear gen-
erated by two moving sidewalls can induce size segrega-
tion in a suspension with a diameter ratio of l = 2, af-
fecting particle-fluid interactions and, consequently, sedi-
mentation in the pipe. Figure 4(b) illustrates shear-induced
segregation, where large particles accumulate in the cen-
ter, while smaller particles concentrate near the walls.
This size-dependent accumulation significantly influences
particle-fluid interactions during sedimentation.

Figure 4(c) shows that smaller particles exhibit a re-
duced sedimentation rate as shear increases. This reduc-
tion in settling velocity correlates with their displacement
toward the near-wall region, as illustrated in Figure 4(b).
In contrast, larger particles, concentrated in the center, are
less influenced by shear and exhibit a significant increase
in settling velocity. These findings suggest that size segre-
gation plays a crucial role in particle-fluid interactions in
sheared systems.

Building on the size-induced segregation, the transport
of bidisperse slurries is simulated in pipe flow using the
IBM approach. Figure 5 illustrates three pipes transporting
particles in fluid flow, with a focus on how the transport of
large particles is affected when a specific volume of large
particles is replaced by smaller ones. The investigation
reveals that introducing smaller particles into a monodis-
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Figure 5. Pipe flows transporting monodisperse and bidisperse particle systems

perse suspension of large particles leads to the formation
of a particle bed at the bottom of the pipe, over which the
larger particles slide. Consequently, bidisperse systems
exhibit different interactions between large particles and
the freestream flow, as shown in Figure 5, ultimately re-
sulting in a different transport rate when smaller particles
are present.

Figure 6 further illustrates how the position and veloc-
ity of large particles change when bidisperse slurries are
transported through a pipe. The results clearly demon-
strate size segregation, with large particles shifting to
higher vertical positions, which in turn leads to increased
transport velocity. These findings provide important in-
sights into the behaviour of slurries containing different-
sized particles—knowledge that is essential for optimizing
pumping systems and ensuring the efficient, cost-effective
transport of industrial slurries.
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