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A B S T R A C T

Evaluating the segregation and settling of particles undergoing hydraulic transport in pipelines is critically 
important to many industrial installations across sectors such as minerals processing and waste management. 
Computational fluid dynamics can be used both to aid in their design and identify challenges in operation. To 
better understand the multiphase flow physics involved in such operations, the primary goal of this research is to 
simulate the complex particle concentration distribution in transport pipelines using large eddy simulation. This 
approach is coupled to a validated Lagrangian particle tracking (LPT) method that is compared with an implicit 
Eulerian-Eulerian (EE) approach to predict flows with low particle volume fractions to confirm the accuracy of 
the latter model. The EE model is subsequently applied to intermediate and high-volume fraction flows, given the 
volume fraction limitations of the LPT approach, with both experimental and numerical datasets compared for 
validation. Finally, a comparison of particle settling predicted using the EE approach coupled to a hindered 
settling model is compared with predictions obtained without hindered settling. Results highlight the superiority 
of predictions incorporating hindering, and that for the flows considered, equilibrium profiles are formed over 
moderate timescales of 60–80 s. In addition, hindered settling significantly reduces particle segregation at 
concentrations >3 vol%. Overall, the EE hindered settling approach provides a computationally efficient, yet 
high resolution methodology, for simulation of particulate flows typical of many industrially relevant problems. 
Ongoing work is employing population balance techniques to simulate flocculation break-up in solid–liquid 
systems.

1. Introduction

Nuclear energy is a form of low-carbon energy thanks to the minimal 
CO2 emissions during its operation, but processing radioactive waste 
presents a significant challenge that demands expertise in predicting 
particle transport properties in a variety of slurry processing problems 
(Cunliffe et al., 2021; Hussain et al., 2022). Particle-laden turbulent 
flows are also of relevance in numerous other industrial arenas such as 
chemical engineering, multiphase reactors, wastewater treatment, 
mineral tailings management and processing of industrial effluents, to 
name a few (Wu et al., 2024). These applications involve blends of gas 
and liquid phases (Yan et al., 2024), two immiscible liquids (Li et al., 
2023), as well as liquid and solid phases (Benn et al., 2018; Jo et al., 
2022). The design and optimisation of such industrial processes rely on a 

comprehension of system hydrodynamics conventionally obtained 
through experimental flow loops.

As an alternative, computational fluid dynamics (CFD) is an impor
tant tool for simulating the complex multiphase flows in such systems, 
and can be used where there is a lack of relevant experimental data, 
specifically for solid–liquid pipe flows (Dixit et al., 2023; Sadeghi et al., 
2022; Shajahan et al., 2024; Yang et al., 2022; Zhang et al., 2021; Zheng 
et al., 2020). However, even though researchers have exploited CFD 
models effectively in process design, further advances are crucial for a 
better understanding of industrially-relevant multiphase flows (Lv et al., 
2024). CFD offers a cost-effective means of analysing industrial pro
cesses (Fazeli et al., 2024), and for multiphase flows, two approaches are 
generally used in their solution: Eulerian-Eulerian techniques, where 
both phases are predicted by solving continuum equations, and 
Eulerian-Lagrangian approaches where the fluid is treated as Eulerian 
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and solid particles are modelled using a Lagrangian technique (Baker 
et al., 2020). While Eulerian-Eulerian methods are useful for flows of 
any particle volume fraction, their main drawback lies in the assumption 
that each phase is in local thermodynamic equilibrium, and the diffi
culty in specifying closures for the prediction of momentum, heat and 
mass transfer between the phases (Bajpai et al., 2025; González-Lavín 
et al., 2024). In contrast, Eulerian-Lagrangian techniques become 
computationally restrictive at the particle volume fractions relevant to 
many applications.

Studies of particle transport and deposition processes, together with 
their theoretical modelling using both Lagrangian particle tracking 
(LPT) and Eulerian approaches to predicting the solid phase, have been 
conducted for particle-laden flows in pipelines (Yang et al., 2022; 
Marchioli et al., 2025; Dutta et al., 2022; Messa et al., 2021; Wang et al., 
2025). Nevertheless, quantitative assessment of the discrepancies be
tween Lagrangian and Eulerian methods in many flows is still lacking 
(Zhao et al., 2024). Further research is needed to compare the two ap
proaches across various particle concentrations, and to consider the 
unique challenges posed by particle-laden flows in different scenarios. 
More specifically for industrial liquid–solid settling suspensions, the lack 
of an optimised global approach highlights the need for further research, 
accounting for diverse factors such as flow dynamics, particle charac
teristics and pipe geometries.

The Lagrangian approach is frequently used in the simulation of 
particle suspensions, sprays and bubbly flows, employing techniques 
such as Reynolds-averaged Navier-Stokes (RANS) equation solution 
methods, as well as large eddy simulations (LES) and direct numerical 
simulations (DNS), but is limited to dilute particle concentrations (Han 
et al., 2019; Savari and Barigou, 2024). Challenges in Lagrangian ap
proaches due to nonuniform particle density are mitigated through 
refined numerical discretisation, crucial in Eulerian-Lagrangian 
methods, as well as probability density function (PDF) interpretation 
in adaptive LPT algorithms (Vegendla et al., 2011). In contrast, the 
Eulerian-Eulerian technique, is more suitable for large, concentrated 
multiphase systems, with its shortcoming being the loss of detail 
necessitating closure equations for turbulence and interaction forces 
(Heng et al., 2018). Computational demands vary, with the Lagrangian 
approach requiring significantly more computational resources than the 
Eulerian approach (Saidi et al., 2014). For the latter methods, mixture 

models and two-fluid approaches with a drift flux model, or kinetic 
granular theory, are popular in simulating concentrated solid–liquid 
flows, although all have different challenges such as numerical in
stabilities, computational complexity, and difficulties in handling com
plex geometries.

As an important example, Ekambara et al. (Ekambara et al., 2009) 
employed the kinematic theory of granular flow and a RANS approach in 
their CFD simulations of liquid–solid slurry pipe flows, while Kaushal 
et al. (Kaushal et al., 2012) used a Eulerian-Eulerian two-phase model 
for predictions of pressure drop and concentration profiles in pipeline 
slurry flows with high particle concentrations. More recent simulations 
of liquid–solid slurries predominantly use Eulerian-based models for 
solids with the kinematic approach coupled to RANS for the turbulent 
carrier fluid (Chen et al., 2024; Joshi et al., 2025; Tian et al., 2021; 
Vakilzadeh et al., 2023; Zhang et al., 2022). Though the kinematic 
approach is less expensive than more advanced techniques, it is gener
ally applied only to dense particle flows as well as being limited due to 
its assumptions of homogeneity and neglect of particle interactions, and 
its sensitivity to initial conditions. In these circumstances, modified drift 
flux models (Zhang et al., 2024) may be crucial in capturing the relative 
motion between the phases. Moreover, most research studies that 
conduct Eulerian-Eulerian simulations with high particle concentrations 
often overlook hindered settling (Yang et al., 2022; Joshi et al., 2025; 
Chengxi et al., 2024; Rashidi Gugheri and Pakravan, 2025; Wang et al., 
2023). However, for accurate predictions, especially at high particle 
concentrations, accommodation of hindered settling is essential, 
considering its influence on crucial particle interactions and properties.

RANS is conventionally used in engineering applications due to its 
relatively short run times, although large eddy simulation (LES) out
performs RANS in terms of accuracy due to its three-dimensional, time- 
dependent resolution of the large scale energy containing motions 
within a flow (Hoque et al., 2024; Yang et al., 2014). In this study, LES 
was chosen for simulating the carrier phase for this reason, as an opti
mum route to give much greater and more detailed turbulence infor
mation than RANS, but without the high computational costs of direct 
numerical simulation. There is limited use of LES in predicting turbulent 
pipe flows of segregating slurries (Garg et al., 2024; He et al., 2018), 
although simulation is the logical choice in nuclear-related applications 
due to the requirements of high accuracy and reliability. Nevertheless, 

Nomenclature

Symbols and fundamental equations Meaning (units)
U Velocity (m/s)
ρ Density (kg/m3)
P Pressure (Pa)
C Particle concentration (g/L)
F Force (N/m2)
g Gravitational acceleration (m/s2)
μ Dynamic viscosity (kg/m.s)
ν Kinematic viscosity (m2/s)
α Volume fraction
d Particle Diameter (m)
D Pipe diameter (m)
Re Reynolds number
Cd Drag coefficient
Rz Richardson-Zaki constant
γ =

μ
ρ Kinematic viscosity (m2/s)

Reb = Ubδ
γf

=
ρf Ubδ

μf
Bulk Reynolds number

Reτ = Uτδ
γf

=
ρf Uτδ

μf
Shear Reynolds number

δ = 4×crosssectionalarea
perimeter Characteristic length

Ub =
volumetricflowrate
crosssectionalarea Bulk velocity

Uτ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
wallshearstress

fluiddensity

√
Shear velocity

St+ =
particulate phase relaxation time

viscous flow time scale =
τp
τf
=

(dp
*)

2ρp
*Reτ

2

18 τp =
ρpdp

2

18ρf γf
; 

τf =
γf

Uτ
2dp

*
=

dp
δ ; ρp

* =
ρp
ρf

Particle shear Stokes number‘*’ 
Indicates non-dimensional

σ Turbulent Schmidt number
τ SGS Reynolds stress tensor
S Rate of strain tensor
Cs Smagorinsky constant
L Leonard stress tensor
M Filtered rate-based strain tensor
Δ Filter width

Subscripts
p Particle
f Fluid
T Terminal
s Settling
t Turbulent
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its application to the flows of interest requires convincing validation 
against experimental data, where available, as well as results obtained 
from direct numerical simulations.

The aim of this study is therefore to investigate segregating particle- 
laden pipe flows using LES in the OpenFOAM® code (Lysenko et al., 
2013; Weller et al., 1998). It explores various scenarios, including hor
izontal and vertical pipe flows with different solid volume fractions 
(Vreman, 2007; Vreman et al., 2009; Wolde et al., 2023), and the 
modelling of different types of slurry flow (Yang et al., 2022; Ekambara 
et al., 2009; Gillies et al., 2004; Kaushal and Tomita, 2007; Yao et al., 
2023). To better understand the multiphase flows considered here, a 
validated LPT is first used to directly compare with an implicit Eulerian- 
Eulerian approach at low particle volume fractions to confirm the ac
curacy of the latter model, with the Eulerian-Eulerian approach subse
quently allowing extension to intermediate and high-volume fractions. 
Equilibrium particle concentration profiles are used to establish and 
compare the dynamic flow behaviour, where discrete sizes of glass 
particles are used for the simulations. Validation of the predictions is 
carried out through comparison with results obtained from direct nu
merical simulations, analytical models and experimental data. High- 
resolution simulations based on LES for predicting turbulent flows, 
LPT for tracking discrete particles at low concentrations, and an 
Eulerian-Eulerian approach for dense suspensions, are used to predict 
segregating and sedimenting slurry flows. Critically, the influence of 
hindered particle settling on the sedimentation of particles is studied by 
the incorporation of a power-law hindered settling model. The novelty 
in the work arises from the use of LES as the basis for the validated 
prediction of segregating slurry flows across a large range of particle 
concentrations, and the impact of hindered settling models on segre
gation at moderate to high particle concentrations.

2. Methodology

2.1. Fluid phase modelling

Turbulent flow in an incompressible Newtonian fluid is mathemati
cally represented by the Navier-Stokes equations (Elreafay et al., 2025). 
The current simulations assume pressure-driven, incompressible fluid 
flow in a circular pipe with constant density. In LES, the fluid flow is 
separated into large-scale resolved motions and small subgrid-scale 
fluctuations. Resolving the large, energy containing motions directly, 
LES is based on a filtering operation to separate the velocity field into 
two components; the first captures the larger-scale features, while the 
second necessitates modelling of the unresolved subgrid-scale (SGS) 
stress tensor to close the equation set.

Equation (1) gives the governing equations for large eddy simula
tion, derived from the normal filtering operation: 

∇ • U = 0 and
∂U
∂t

+ U • ∇U = − ∇P + v∇2U − ∇ • τsgs (1) 

Where U, P and υ denote velocity vector, kinematic pressure (i.e., 
pressure normalised by constant density), and kinematic viscosity, 
respectively. Here, overbars indicate the filtered values.

In Eqs. (2), (3) and (4), the subgrid-scale stress tensor τsgs is related to 
the rate of strain tensor (S‾) of the resolved scale in order to determine 
the subgrid-scale stress (Vijiapurapu and Cui, 2007; Schmitt, 2007; 
Sharif Ahmadian and Sharif Ahmadian, 2016): 

τsgs = − 2CsΔ2|S|S (2) 

S =
1
2
(
∇U+(∇U)

T) (3) 

|S| =
̅̅̅̅̅̅̅̅̅̅̅̅̅
2S : S

√
(4) 

A method was introduced to dynamically compute the Smagorinsky 

constant, Cs, based on information from the resolved scales of motion 
(Germano et al., 1991; Lilly, 1992). Below, an overbar represents grid- 
filtered values, whilst an overbar with a circumflex represents test- 
filtered values, with the model constant CS determined as following 
Eq. (5). In Eq. (5), Δ denotes the filter width. 

Cs = −
1
2

(L : M)

(M : M)
; where L = − 2CsM and M = Δ̂

2
|
̂S|̂S −

[
Δ2 ̂|S|S

]
(5) 

Test-filtered values result from the application of a second, coarser filter 
to the already filtered LES equations, which is then used to dynamically 
compute CS based on information available at the resolved scale, i.e. the 
difference between test- and grid-filtered stresses is used to calculate the 
appropriate amount of dissipation in the flow rather than assuming a 
constant CS value.

2.2. Particulate phase modelling

In the simulations, particles are injected randomly, collisions with 
the pipe wall are elastic, and periodic boundary conditions are applied 
across the outlet and inlet planes, as for the carrier phase. For two-phase 
flows, the Navier-Stokes equations are by Eqs. (6) and (7) (Tanguay 
et al., 2014): 

∂
∂t
(
αpρp

)
+∇.

(
αpρpUp

)
= 0 (6) 

∂
∂t
( (

1 − αp
)
ρf Uf

)
+∇.

( (
1 − αp

)
ρf Uf Uf

)

=
(
1 − αp

)
ρf g − αf∇p+ fdrag

(
Uf Uf

)
+ ∇.

((
1 − αp

)
μf

(
∇Uf

+
(
∇Uf

)T
))

(7) 

with the pressure field for each phase assumed identical. Here, α, ρ, μ, g 
and fdrag signify the volume fraction, density, dynamic viscosity, gravi
tational acceleration and drag force, respectively. Additionally, sub
scripts p and f represent the particle and fluid, respectively.

The concentration of solid particles (C, g/L) can be calculated using 
Eq. (8): 

C = ρpαp (8) 

To track particle positions over time, to highlight eventual segregation, 
two different methods were used, Lagrangian particle tracking (LPT) 
with particle positions resolved explicitly for low concentrations, and a 
Eulerian drift-flux approximation approach for moderate to high con
centration systems, where a specific concentration was chosen as a 
cross-over point with both methods being correlated directly.

2.2.1. Lagrangian particle tracking
Lagrangian particle tracking provides detailed tracking of individual 

particle trajectories in the computational domain over time, aiding in 
understanding complex interactions between the fluid and particles. LPT 
treats particles as point masses with updated positions and velocities 
based on differential equations (Zhao et al., 2008; Heinrich and 
Schwarze, 2020), as shown in Eq. (9): 

dxp

dt
= Up and

dUp

dt
= FD

(
Uf − Up

)
+

g
(
ρp − ρf

)

ρp
+ Fa

=

(
Uf − Up

)

ρp
β

+
g
(
ρp − ρf

)

ρp
+ Fa (9) 

The particle response time (τp from Stokes Law) can be calculated from 
Eq. (10): 

τp =
ρpd2

p

18 μf
(10) 

M.M.H. Prodhan et al.                                                                                                                                                                                                                         Chemical Engineering Science 336 (2026) 124502 

3 



In Eq. (9), the first term on the right-hand side is the drag force, which is 
the most significant force in particle-laden flows, playing a pivotal role 
in determining particle movement and interaction with the fluid. This 
force acts like a resistive force that opposes the particle's motion, 
slowing down moving particles through the fluid, and is directly pro
portional to the relative velocity between the particles and the fluid. The 
drag force is also essential for calculating the Stokes terminal velocity. 
The second term of the equation is the gravitational force, which plays a 
role in determining the trajectory and behaviour of solid particles as 
they move through fluid in the vertical direction. This is the driving 
force for sedimentation or flotation that causes particles to either settle 
or rise in a fluid flow, depending on their density relative to that of the 
fluid. The last term in Eq. (9) consists of other forces, such as the lift 
force. In this work, the lift force was neglected as it has a very small 
effect on the types of flow of interest (Bagchi and Balachandar, 2003).

The term, β, in Eq. (9), is related to the drag coefficient, Cd, the fluid 
density, ρf , the fluid velocity, Uf , and the particle diameter, dp, i.e. β 
accommodates the complex interplay between the properties of the 
particle and the fluid in determining the drag force experienced by the 
solid particle. Thus, the drag factor is basically an inter-phase mo
mentum transfer coefficient, and can be calculated after Vreman et al. 
(Vreman et al., 2009), as shown in Eq. (11), where the particle Reynolds 
number (Rep) and fluid kinematic viscosity are defined in Eq. (12): 

βd2
p

μf
=

3
4
CdRep ; Cd =

⎧
⎪⎪⎨

⎪⎪⎩

24
(

1 + 0.15Re0.687
p

)

Rep
;Rep ≤ 1000

0.44;Rep > 1000

⎫
⎪⎪⎬

⎪⎪⎭

(11) 

Rep =
(Uf − Up)dp

vf
, vf=

μf
ρf 

(12)

When the particle volume fraction is very low, the influence of 
particles on the turbulent flow are negligible and the interaction be
tween the fluid and particles can be treated as one-way coupled (the 
flow influences the particles but not vice versa).

2.2.2. Eulerian approach
The Lagrangian approach provides a microscopic view of particle 

motion by focusing on individual particles and tracking their trajec
tories, velocities and accelerations. In contrast, the Eulerian approach 
considers fixed points in space, treating the particles as a continuum, 
and tracks changes in properties at those points, thereby providing a 
more macroscopic view. The main advantage of the Eulerian approach 
for the present application is its suitability for high mass loadings of 
particles, and the attendant computational run time savings.

When there is significant relative motion between the fluid and 
particles, this can be accounted for by introducing a source term, SC, in 
the concentration conservation equation. This ensures consistency with 
the general form of transport equations for the fluid, allowing them to be 
solved together using a unified numerical approach (Zhang and Chen, 
2007). In the Eulerian drift flux model, the impact of gravitational 
settling on particle concentration is considered through the solution of 
two sets of conservation equations, one for each phase (Zhao et al., 2008; 
Li et al., 2015; Zhang et al., 2023). In this model (Zhao et al., 2008) the 
concentration conservation equation is written as: 

∂
(
ρf C

)

∂t
+∇.

(
ρf
(
Uf + UT

)
C
)
= ∇.

(μeff

σf
∇C

)

+ SC (13) 

The drift flux model enhances conventional transport for concentration 
by incorporating a drift flux term, ∇

(
ρf UTC

)
, where the drift flux of 

solids arises from the velocity difference between particles and fluid due 
to the drag force and gravity. In Eq. (13), σ denotes the turbulent 
Schmidt number (typical values 0.7–1). The magnitude of the settling 
velocity (Li et al., 2015) in non-hindered flows is extracted as the Eq. 
(14), based on Stokes law: 

UT =

[(
4
3

) gdp
(
ρp − ρf

)

Cdρf

]0.5

(14) 

The direction of the settling velocity is directed perpendicularly down
wards, in the direction of gravity. Here, Cd depends on Rep, which is 

calculated from Eq. (15) and Rep =
UTρf dp

μf
. 

Cd =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

24
Rep

when 10− 4 ≤ Rep < 1

24
Rep

+
3

Rep
0.5 + 0.34 when 1 ≤ Rep < 500 − 1000

0.44 when 500 − 1000 ≤ Rep < 2*105

0.10 when Rep > 2*105

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(15) 

2.2.3. Hindered settling models
Hindered settling occurs in slurry pipe flows with moderate to high 

particle concentrations, where fluid drag interactions between particles 
hinder their settling velocity. During particle settling in such a flow 
within a pipe, the displacement of fluid beneath the particles can impede 
the hindered settling process, potentially modifying the Stokes law ter
minal settling velocity. The hindered settling velocity (Antonopoulou 
et al., 2018) is calculated from: 

Uh
(
αp
)
= UTfh

(
αp
)

(16) 

The hindrance function can be expressed by the Richardson-Zaki rela
tionship (Richardson and Zaki, 1997) and is given by: 

fh =
(
1 − αp

)Rz (17) 

here, Rz is a constant generally determined experimentally (Johnson 
et al., 2016; Kramer et al., 2019; Lockwood et al., 2021) and its value is 
written as in Eq. (18) for different particle Rep ranges: 

Rz =

⎧
⎪⎪⎨

⎪⎪⎩

4.65 when Rep < 0.2

4.4Rep
− 0.03 when 0.2 ≤ Rep < 1

4.4Rep
− 0.1 when 1 ≤ Rep < 500

2.4 when Rep ≥ 500

⎫
⎪⎪⎬

⎪⎪⎭

(18) 

In general, there is no upper concentration bound for the hindered 
Richardson-Zaki relationship. Thus, a modified hindrance model was 
also used (Johnson et al., 2016; Hunter et al., 2020) that employs forcing 
functions, based on the relationship to the maximum volume fraction of 
particles in a bed (αp,max) to help balance the suspension front, as given 
in Eq. (19). In all cases, the maximum particle volume fraction was 
assumed to be 0.64, except for the hindered settling model, based on the 
loose hexagonal packing limit for spheres. A value of 0.3 maximum 
volume fraction is used in the hindered case. 

Ifαp<αpmax thenUh
(
αp
)
=UT

(
1− αp

)Rz

(
αp

αpmax

)

Ifαpmax≤αp<2αpmax thenUh
(
αp
)
=− UT(1− αp

')Rz
(

αp
'

αpmax

)

;αp '=2αpmax − αp

Ifαp>2αpmax thenUh
(
αp
)
=− 4UT

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

(19) 

Here, Rz is as defined in Eq. (18).

2.3. Simulation setup

Several fully developed turbulent pipe flows at different Reynolds 
numbers were considered, all with L = 12.5D. Grid elements with 
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hexahedral cells were employed for the simulations and the total num
ber of mesh elements was 1.5 million (see Fig. 1). In the axial direction, 
the mesh grid elements were evenly spaced, however, in the radial di
rection near the wall, these elements were specified using a geometric 
progression, ensuring Δrwall

+ < 1 for the first volume next to the wall 
(Jiang and Lai, 2009). Periodic boundary conditions were imposed in 
the streamwise direction, while in the normal direction, no-slip 
boundary conditions were applied to the fluid at the walls.

Particle-laden and unladen pipe flows were initially simulated for a 
shear Reynolds number, Reτ = 278, with LES, considering one-way and 
four-way coupling using OpenFOAM® pimpleFoam and a modified LPT 
solver (modified pimpleLPTFoam) for comparison purposes. The modi
fied pimpleLPTFoam solver integrated the LPT equations directly into 
the PIMPLE loop, to enable iterative updates of the momentum exchange 
terms within each time step, thereby improving numerical stability. 
Although the modification supports full four-way coupling, most cases 
were simulated using one-way coupling to maintain computational ef
ficiency, with full four-way interaction selectively applied to a reduced- 
particle case to capture inter-particle effects. The solver was modified by 
coupling the LPT position and velocity updates directly within the 
PIMPLE pressure–velocity correction loop.

Particle concentration profiles were computed with both LPT and 
Eulerian approaches, using modified pimpleLPTFoam and drift
FluxFoam solvers respectively. In the case of LPT, particle volume 
fractions ≤0.03 vol% were used, and so were in the dilute regime. For 
each case considered using LPT, particles were introduced at arbitrary 
positions and followed trajectories influenced by drag and gravity, while 
lift was neglected. Negating lift force may contribute to unphysical near- 
wall particle accumulation as discussed by Costa et al. (Costa et al., 
2020) and Zahtila et al. (Zahtila et al., 2023) in some systems. Howev
er, it is justified in the present study, due to the focus on relatively low 
Re flows in liquid–solid horizontal pipes, where segregation is expected 
with negligible lift.

For the Eulerian model, the initial simulated concentration range 
was varied from 0.03–3 vol%, and thus into the hindered settling 
regime. Therefore, the hindered settling model was introduced into the 
modified driftFluxFoam solver, for systems ≥1 vol%. Additional 

validation runs were completed for very high concentration systems 
(≤20 vol%). It is also noted, importantly, that for each case fully 
developed flow was established after 19 s from the initiation time, and 
after that time particles were injected.

In total, 10 case studies were considered, using various sizes of glass 
particles with density 2500 kgm− 3 (41 µm, 50 µm, 60 µm, 77 µm, 90 µm, 
125 µm, 165 µm and 480 µm) in different concentration regimes, with 
the particle density ratio ≥ 2.5 in all cases. Table 1 provides a summary 
of these test cases, along with their critical particle and fluid properties. 
For the main hindered settling studies, particle sizes of 41 and 77 µm 
were selected at two different bulk Reynolds numbers, these being 
consistent with the experimental study of Rice et al. (Rice et al., 2015) 
on the pipe flow segregation of glass particles. Other cases were chosen 
to extend the validation study to different particle concentrations and 
flow regimes. It is clarified that the initial LES validation was under
taken with gas–solid vertical flows (i.e. without gravity) due to the 
available DNS data (Case-I, II & IV). However, the primary horizontal 
pipeflow investigations presented in this study focused on liquid
–solid phases (Case III, Case V–X) due to the direct comparison with 
applications in nuclear waste transportation.

3. Results and discussion

3.1. Single phase and multiphase flow validation

Particle-laden and unladen pipe flow validation was undertaken 
using gaseous flows (Case I and II in Table 1), simulated at a shear 
Reynolds number Reτ = 278, with results compared to the direct nu
merical simulations of Vreman (Vreman, 2007). The reference simula
tion had a bulk Reynolds number of ~5300, based on a centreline 
velocity, U0 = 4 ms− 1, and pipe diameter D = 2R0 = 2 cm. Vreman’s 
findings were compared to the experimental data of Caraman et al. 
(Caraman et al., 2003) and Borée and Caraman (Borée and Caraman, 
2005) with reasonable agreement found, and so only the DNS pre
dictions are considered here. Fig. 2 shows the present LES results 
compared to the DNS of Vreman (Vreman, 2007) for the mean stream
wise velocity in (A), and the root mean square (rms) of the fluctuating 

Fig. 1. (A) Schematic of the computational domain and (B) the computational mesh.
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velocities (Uz*, rms in the axial, z, and Ur*, rms in the radial, r, directions), 
and the Reynolds shear stress <UzUr> in (B), where U* = U/U0. Fig. 2
(B) also shows the normal stress in the circumferential, θ, direction, 
although values of this stress were not provided in Vreman (Vreman, 
2007).

The present LES demonstrates good agreement with the DNS results, 
for both the mean velocity and turbulence statistics, especially near the 
wall where high levels of turbulence are found. There are some slight 
discrepancies beyond the wall region that occur in the bulk of the flow 
where the flow characteristics are dominated by large and very energetic 
scales of fluid motion, resolved by both the LES and DNS. These differ
ences are likely due to the grid resolution used in the present work 
compared to Vreman (Vreman, 2007). Despite these minor differences, 
the close agreement validates the LES approach employed in this study.

For particle-laden pipe flow validation, a modified Lagrangian par
ticle tracking solver (modified pimpleLPTFoam) was employed with the 
LES, using glass beads as solid particles (Case II in Table 1), as considered 
by Vreman (Vreman, 2007). The gravitational force was aligned with the 
mean fluid (air) flow (i.e. vertically) and was applied in both one- and 
four-way coupled computations, maintaining identical solid-particle 
characteristics for both cases. Predictions are compared with the DNS- 
LPT results of Vreman (Vreman, 2007) in Fig. 3.

Good agreement is found between the present LES-LPT predictions 
and those of Vreman (Vreman, 2007) for both the continuous and par
ticle phases when four-way coupling is employed. It is observed that the 
continuous phase is only slightly affected by the particle phase in 
moving from one- to four-way coupling, although clearly this has a 
significantly large impact on the normal stresses. Importantly, the four 
way coupled results present a higher peak in Uz rms within the near-wall 
region for the particle phase (in line with the DNS) suggesting turbu
lence enhancement, likely caused by the high-inertia particles gener
ating wakes and vortex shedding, injecting kinetic energy into the fluid. 
For both the fluid and the particles, the mean streamwise velocities are 
well predicted close to the wall and in the bulk flow region, although 
there is again a slight over-prediction of the mean velocities just beyond 
the wall region, likely caused by the noted grid resolution differences. 
Close agreement is also found with the DNS results for the particle 
normal and shear stresses when four-way coupling is used. The use of 
LES to predict pipe flows may therefore be considered to provide a 
realistic representation of the turbulent velocity field, with LES-LPT 
results also in line with available DNS-based predictions for the solid 
phase. Thus, the overall approach a reliable choice for the subsequent 
prediction of lower Reynolds number particle-laden flows in horizontal 
pipes that lead to segregating, partially sedimented behaviour.

3.2. Particle concentration profiles

Fig. 4 shows the prediction of the LES with LPT (Case III in Table 1), 
where the modified LPT solver was used to perform the liquid–solid pipe 

Table 1 
Summary of simulated test cases.

Case 
No.

Description Parameters References

I Validation of single- 
phase pipe flow for 
shear Reynolds number, 
Reτ = 278

Reynolds number ~ 
5300 based on centreline 
velocity U0 = 4 ms− 1

(Vreman, 2007)

II Validation of 
multiphase pipe flow for 
shear Reynolds number, 
Reτ = 278 using LPT, 
comparison of one- and 
four-way coupling

Particle diameter dp =

60 µm 
No. of particles = 29,400 
Particle concentration =
0.011 vol% 
Particle density ratio =
2058 
Shear Stokes number, 
St+= 79.53

(Vreman, 2007)

III LPT simulations for 
shear Reynolds number, 
Reτ = 2378

Particle diameter dp =

77 µm 
No. of particles =
1,000,000 
One-way coupling 
Particle concentration =
0.03 vol% 
Particle density ratio =
2.5 
Shear Stokes number, 
St+ = 2.57

​

IV Validation of simulation 
with DNS data using LPT 
and Stokes number 
effect on particle 
settling for shear 
Reynolds number, Reτ 
= 720

Particle diameter dp =

50 µm 
No. of particles =
105,000 
Particle concentration =
0.07 vol% 
Particle density ratio =
7.71 and 23.3 
Shear Stokes numbers, 
St+ = 5.55 and 16.78

(Wolde et al., 
2023)

V Comparison of present 
Eulerian and LPT 
findings for shear 
Reynolds number, Reτ 
= 2378

Particle diameter dp =

77 µm 
Particle concentration =
0.3 vol% 
Particle density ratio =
2.5 
Shear Stokes number, 
St+ = 2.57

​

VI Eulerian particle settling 
model for shear 
Reynolds number, Reτ 
= 2378

Particle diameter dp =

41 µm and 77 µm 
Particle concentration =
0.5, 1 and 3 vol% 
Particle density ratio =
2.5 
Shear Stokes numbers, 
St+ = 0.73 and 2.57

​

VII Comparison of present 
Eulerian model 
predictions with 
different experimental 
data with different shear 
Reynolds, Reτ = 2378, 
11461, 6609, 7650 and 
7044

Particle diameter dp =

77 µm, 90 µm, 125 µm, 
165 µm and 480 µm 
Particle concentration =
1, 3, 8.4, 9.18, 19 and 
20.3 vol% with different 
flow velocities (1.25 
ms− 1, 3 ms− 1 and 3.44 
ms− 1) 
Particle density ratio =
2.5 
Shear Stokes numbers, 
St+ = 2.57, 13.93, 31.45, 
83.43 and 598.65

(Gillies et al., 
2004; Rice et al., 
2015; Roco and 
Shook, 1983)

VIII Comparison of Eulerian 
particle settling model 
with hindered settling 
approach to non- 
hindered approach for 
shear Reynolds number, 
Reτ = 2378

Particle diameter dp =

77 µm 
Particle concentration =
1, 3, 5, 7 vol% 
Particle density ratio =
2.5 
Shear Stokes number, 
St+ = 2.57

​

Table 1 (continued )

Case 
No. 

Description Parameters References

IX Comparison of Eulerian 
particle settling model 
using two hindered 
settling approaches for 
shear Reynolds number, 
Reτ = 2378

Particle diameter dp =

77 µm 
Particle concentration =
7 vol% 
Particle density ratio =
2.5 
Shear Stokes number, 
St+ = 2.57

​

X Comparison of Eulerian 
particle settling model 
with hindered settling 
approach to different 
experimental data

Particle diameter dp =

90 µm and 125 µm 
Particle concentration =
19 and 20 vol% with 
different diameters of 
pipes

(Gillies et al., 
2004; Kaushal 
and Tomita, 
2007)
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flow simulation. The velocity profile and contour plot, as well as the 
velocity rms and Reynolds shear stress statistics of the fully developed 
flow (prior to particle injection) are given within the Electronic 
Supplementary Materials (ESM), Figs. S-1 and S-2.

Fig. 4 (A) presents instantaneous plots of particle position along a 
vertical plane in the streamwise and spanwise directions at four simu
lation times, while Fig. 4 (B) shows particle concentration profiles at the 
same times, normalised by the initial concentration (C/C0). It is noted 
again that the particles were injected after 19 s, when the flow had 
stabilised and reached steady state. From Fig. 4 (A), it can be always 
observed that the distribution of solid particles is asymmetrical along 
the vertical plane passing through the centre of the pipe and was broadly 
symmetrical in the equivalent horizontal plane (although not shown). 
The higher concentrations are in the lower half of the pipe, where the 

solid particles tend to settle with time due to gravitational effects. This 
leads to a segregation of the particles and the formation and growth of a 
particle bed at the bottom of the pipe (Zhang et al., 2021; Yao et al., 
2023; Rice et al., 2015; Ofei and Ismail, 2016). For the flow Reynolds 
number and particles considered, particle segregation is to be expected 
(Rice et al., 2015). The results of Fig. 4 (B) demonstrate that the particle 
settling eventually leads to an equilibrium balance after approximately 
60 s. At y/D ≥ – 0.3, particle concentrations are also approximately 
uniform, but below the initial concentration, and at y/D ≤ – 0.3, parti
cles preferentially accumulate in an increasing concentration band 
(Wang et al., 2019). In addition, it is noted that the density ratio here 
was ~ 2.5, and representative of flows typical of natural sands and many 
industrial minerals engineering processes. For comparison, Cui et al. 
(Cui et al., 2025; Cui et al., 2026) investigated deposition in particle- 

Fig. 2. Single-phase flow validation: (A) mean streamwise velocity; and (B) rms of fluctuating velocities and Reynolds shear stress. Dashed/dotted lines – LES, ×
Vreman (Vreman, 2007) DNS.

Fig. 3. Multiphase flow validation: (A) mean streamwise velocity; (B) rms of fluctuating velocities and Reynolds shear stress; (C) particle mean streamwise velocity; 
and (D) particle rms fluctuating velocities and Reynolds shear stress. Dashed/dotted blue lines – current LES (one-way coupled), dashed/dotted green lines – LES 
(four-way coupled), × Vreman (Vreman, 2007) DNS (four-way coupled).
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laden flows with very small density ratios (~1.05) and still observed 
concentration segregation at similar Reynolds numbers. Therefore, with 
the higher density ratios used in the present study, more pronounced 
sedimentation would be expected.

Given the lack of experimental data at similar concentrations to 
those considered in this case, validation of the LES-LPT approach was 
performed against the DNS-LPT predictions of Wolde et al. (Wolde et al., 
2023) who considered a turbulent gaseous pipe flow at Reτ = 720. 
Particle deposition was also observed by the latter authors, where an 
initial uniform particle concentration at a volume fraction of 0.07 vol%, 
and with particle Stokes numbers of 5.55 and 16.78, were considered. 
Fig. 5 compares particle concentration profiles with time for both sets of 
simulations (Case IV in Table 1). These results demonstrate good 
agreement between the two approaches, and a similar deposition rate of 
particles towards the bottom of the pipe with time. Clearly, higher near- 
wall concentrations occur for the St+ = 16.78 particles when compared 
to the lower Stokes number case, St+ = 5.55, as the latter particles 
segregate more slowly as their movement is more governed by viscous 
forces so that they follow the fluid streamlines more closely and thus 
segregate less. In comparison, the particles with the higher Stokes 
number are more inertial such that they depart from the fluid stream
lines and settle more rapidly.

As previously noted, Eulerian-Lagrangian techniques become 
computationally restrictive at the particle volume fractions relevant in 
many applications and, due to such constraints, the present LES-LPT 
predictions were limited to a maximum particle concentration of 0.3 
vol%. To simulate higher concentration flows, the Eulerian-Eulerian 
method coupled to a modified drift flux model (driftFluxFoam) was 
used in OpenFOAM®. Fig. 6 presents a direct comparison of the 

distance-averaged concentration profiles with height for the LPT and 
Eulerian-based simulations for the sedimentation of glass particles (Case 
V in Table 1) at the crossover particle concentration of 0.3 vol%. The 
Eulerian solver predicts a near-wall concentration ratio that is close to 
that of the LPT, although further away from the wall (y/D > – 0.3) it 
underpredicts the extent of particle segregation, essentially indicating 
the drift flux model predicts slightly less near-wall deposition. This may 

Fig. 4. LES-LPT predictions of 77 μm diameter glass particles at initial concentration of 0.03 vol% in a Reτ = 2378 flow: (A) Instantaneous plots of particle position 
within the full pipe; and (B) normalised mean particle concentration in the lower half of the pipe at t = 25 s (red), 35 s (purple), 50 s (green) and 60 s (blue).

Fig. 5. Comparison of DNS-LPT and LES-LPT predictions of normalised mean particle concentration in the lower half of the pipe for St+ = 5.55 (blue) and St+ =

16.78 (red) particles at: (A) t = 39 s; and (B) t = 69 s. Dashed lines – LES-LPT, × / • Wolde et al. (Wolde et al., 2023).

Fig. 6. Comparison of LPT and Eulerian predictions of normalised mean par
ticle concentration in lower half pipe for 77 μm diameter glass particles at 
initial concentration of 0.3 vol% in a Reτ = 2378 flow. Dashed/dotted blue line 
– Eulerian, × – LPT.
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be due to the defined maximum packing fraction in the Eulerian model 
although, overall, the correlation between the two solution methods is 
close, particularly at distances close to the wall. The Eulerian method is 
therefore used to predict higher particle volume fraction flows of greater 
industrial relevance.

The Eulerian particle solver, without hindered settling, was subse
quently used to predict the sedimentation of two sizes of glass particles 
(41 and 77 µm diameter) at low-to-intermediate concentrations of 0.5, 
1.0 and 3.0 vol% (Case VI in Table 1). Fig. 7 shows example concen
tration contour plots across the pipe at four simulation times (t = 25, 35, 
50, 60 s) for the three concentrations, with Fig. 8 giving the distance- 
averaged concentration profiles with height at the same times.

Over time, the particle concentration contours in Fig. 7 confirm the 
migration of particles to the lower regions of the pipe, with the particles 
ultimately accumulating at its base as a solid bed. For both cases, the 
concentration contours stabilise at ~ 60 s, consistent with the previous 
LPT predictions at lower volume fractions. However, due to the higher 
volume fractions considered here, the particle concentrations in the 
near-wall region of the pipe suggest complete deposition of particles and 
the formation of a dense particle bed. Also, there are significant differ
ences between predictions for the two particle sizes, with consistently 
higher levels of segregation and bed build-up evidenced with the larger 
77 µm diameter particles, as would be expected given their size. It is also 
noteworthy that the general patterns of segregation are similar for each 
particle volume fraction, although the consolidated bed size increases 
with fraction. These patterns align with expectations for liquid–solid 
multiphase pipe flows and are consistent with previous findings 
(Ekambara et al., 2009; Kaushal et al., 2012; Ofei and Ismail, 2016).

The particle concentration profiles in Fig. 8 exhibit similar behav
iour. That is, with increasing time, the solid concentration increases in 
the lower regions of the pipe while particles are depleted relative to the 
mean at intermediate heights. It is evident, as would be expected, that 
the larger particles produce more segregated concentration profiles 
(greater C/C0 ratios in the near-bed region). It is also observed that for 
higher concentrations, the relative level of segregation is reduced. For 
example, in the case of the 41 μm diameter particles, Fig. 8C(i) shows 
that at the highest concentration (3 vol%), the normalised maximum 
relative solid concentration is 7, whereas a value of 25 occurs for the 
lowest concentration (0.5 vol%) in Fig. 8A(i). Similarly, Fig. 8C(ii) for 
the 77 μm particles give a maximum relative concentration of 20 

compared to a value of >50 at lower concentrations (Fig. 8A(ii)). 
Therefore, while the flux of depositing particles is greater at higher 
concentrations, the relative separation of sedimented particles relative 
to those in the bulk flow is reduced. This reduction in relative segre
gation with increases in particle volume fraction is consistent with 
previous work (Ekambara et al., 2009; Kaushal et al., 2012; Yao et al., 
2023; Rice et al., 2015; Ahmed and Mohanty, 2018; Arolla and Desjar
dins, 2015; Capecelatro and Desjardins, 2013; Rice et al., 2015). It is 
noted that Yang et al. (Yang et al., 2022) also showed that at higher 
concentrations (31 vol%), the normalised maximum relative solid con
centration reduced to 1.2, whereas the value was greater than 2 at lower 
concentrations (6 vol%).

Fig. 9 shows profiles and contour plots of the fluid mean velocity for 
the LES simulations coupled with the Eulerian approach (Case VI in 
Table 1). These results demonstrate that the fluid velocity is affected by 
the solid particles since the Eulerian approach is inherently two-way 
coupled. The maximum velocity is therefore found in the upper part of 
the pipe and not at its centre, while the velocity profile becomes 
increasingly asymmetrical with increasing segregation (not shown). 
Two further cases for larger concentrations and velocities are given in 
the ESM (Fig. S-3), highlighting the asymmetry in the mean velocity 
profiles. These compare well with previous experimental studies (Gillies 
et al., 2004; Roco and Shook, 1983) and simulations (Ekambara et al., 
2009). This asymmetry in the velocity for liquid–solid flows predicted 
using Eulerian-Eulerian approaches is also consistent with previous 
work (Ekambara et al., 2009; Yao et al., 2023; Ofei and Ismail, 2016; 
Ahmed and Mohanty, 2018).

Other turbulent pipe flows were also investigated by analysing 
concentration profiles obtained in reference works (Gillies et al., 2004; 
Rice et al., 2015; Roco and Shook, 1983) (Case VII in Table 1). As a 
representative example, Fig. 10 presents the results from Eulerian- 
Eulerian simulations compared with the experimental data of Rice 
et al. (Rice et al., 2015) at two different particle volume fractions for two 
sizes.

The LES simulations using the Eulerian approach show reasonably 
good agreement with the experimental data in Fig. 10. The comparison 
is very good for the larger particles, while the level of segregation pre
dicted by the simulations appears to be greater than the experiments for 
the smaller particles, resulting in larger particle concentrations at the 
bottom of the pipe, and more depletion from the middle regions of the 

Fig. 7. Contour plots at different times of normalised mean particle concentration across the whole pipe for Reτ = 2378: (A) C0 = 0.5 vol%, (B) C0 = 1.0 vol%, and 
(C) C0 = 3.0 vol%; 41 μm diameter particles (left) and 77 μm diameter particles (right).
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pipe. Nevertheless, these discrepancies could be partly due to the fact 
that the experimental data were gathered in a flow loop that was recy
cled via a mixer (Rice et al., 2015). Thus, experimentally, particles did 
not get re-introduced at the inlet in the same position as the outlet (as 
conducted in the simulations) because the slurry was re-mixed into a 
charge tank before being pumped again through the loop. Thus, the 
effective experimental time to establish a consistent profile was only 5 s 
(being the length of time for the slurry to be transported around the flow 
loop to the measurement point, before ejection back to the charge tank). 
Hence, the concentrations measured experimentally may not represent 
true equilibrium profiles – noting the simulations showed that equilib
rium was approached after ~ 30 s from particle insertion. The closeness 
of the profiles for the larger particles, suggests the smaller particles take 
longer to obtain stable profiles (which would be expected, given their 
smaller gravitational influence).

To further probe the robustness of the LES-Eulerian simulations, 
higher particle volume fraction simulations were compared to 

experimental findings for large 165 µm diameter particles at conditions 
judged to be closer to equilibrium (Roco and Shook, 1983), as shown in 
ESM Fig. S-4. Generally, the measurements and predictions compare 
well, although in the near-wall region there are some minor disparities 
that could be due to insufficient consideration of forces within the 
simulations, such as particle–wall interactions, turbulent dispersion and 
inter-particle collisions that affect the particle concentration profiles 
(Boutsikakis et al., 2020; Duque-Daza et al., 2021). In Fig. S-2(B), a 
slight over-prediction of the experimental concentration profile is also 
observed in the lower part of the pipe (y/D ≤ –0.4) that again may be a 
consequence of near-wall modelling challenges and the neglect of the lift 
force in the simulations (Capecelatro and Desjardins, 2013; Capecelatro 
and Desjardins, 2013).

It should also be noted that the above simulations did not explicitly 
consider the hindered settling of the particles, which may become sig
nificant at higher particle volume fractions. Hindered settling occurs due 
to the upward flow of relocated fluid initiating surplus drag on the 

Fig. 8. Eulerian predictions of normalised mean particle concentrations in the lower half of the pipe for Reτ = 2378 flow: (A) C0 = 0.5 vol%, (B) C0 = 1.0 vol%, and 
(C) C0 = 3.0 vol%; (i) 41 μm diameter particles and (ii) 77 μm diameter particles; t = 25 s (red), 35 s (purple), 50 s (green), and 60 s (blue).
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settling solid particles, and numerous inter-particle collisions that in
crease frictional resistance. Consequently, as particle volume fraction 
increases, the effective settling velocity decreases due to these in
teractions, making their incorporation in simulations important to the 
accurate prediction of the behaviour of particle-laden pipe flows such as 
in slurry pipelines and sedimentation tanks. For example, previous CFD 
results of Ekambara et al. (Ekambara et al., 2009) and Capecelatro et al. 
(Capecelatro and Desjardins, 2013; Capecelatro and Desjardins, 2013) 
found deviations from experimental findings with higher particle con
centrations. Additionally, the fact that the experimental data of Rice 

et al. (Rice et al., 2015) appears less segregated than the current pre
dictions may also be due to the influence of hindered settling. Thus, it is 
important to consider the inclusion of a hindered settling model to 
improve predictive accuracy, as considered in the following section.

3.3. Comparison of slurry segregation with and without hindered settling

LES was performed of higher volume fraction particle flows using the 
Eulerian approach, inclusive of a hindered settling model using the 
modified driftFluxFoam solver (Case VIII in Table 1). Fig. 11 compares 
example concentration contour plots across the pipe at 60 s of simula
tion time for the four concentrations considered (1, 3, 5 and 7 vol%). 
These runs were carried out with and without the hindered settling 
model for the case of 77 µm diameter glass particles. Additionally, 
Fig. 12 compares normalised mean concentration profiles for the same 
simulations at four example simulation times (t = 25, 35, 50 and 60 s).

From Fig. 11, the 60 s contour plots illustrate that qualitative dif
ferences in the bulk flow between the hindered and non-hindered 
settling predictions are relatively minor. However, in the near-bed re
gion, segregation is less pronounced in the hindered settling case, which 
is more evident visually for the higher volume fractions. When consid
ering changes with time (Fig. 12), particles again approximately reach 
equilibrium within 50–60 s (noting the similarity of these profiles), 
which is true for both the hindered and non-hindered settling simula
tions, and consistent with previous results. Also, the relative level of 
segregation reduces as the particle volume fraction increases. Never
theless, the hindered settling model considerably reduces particle 
segregation, with consistently lower C/C0 ratios in the lower pipe re
gion. For the lower particle volume fractions (1 and 3 vol%), the hin
dered and non-hindered settling predictions are similar in most regions 
of the pipe, although, the build-up of particles is much closer to the base 
of the pipe with hindered settling, with significant differences occurring 
for y/D < − 0.4. For the higher concentrations, differences become 

Fig. 9. Profiles and contour plots of fluid mean velocity for Eulerian simulations: U0 = 1.25 ms− 1, C0 = 3 vol%, D = 42.6 mm and Reτ = 2378; (A) 41 μm diameter 
particles and (B) 77 μm diameter particles.

Fig. 10. Eulerian predictions of normalised mean particle concentrations in the 
lower half of the pipe for 77 μm diameter particles in a Reτ = 2378 flow: C0 = 1 
vol%, 41 μm diameter particles (red) and 3 vol%, 77 μm diameter particles 
(blue); Dashed/dotted lines – Eulerian, × / • Rice et al. (Rice et al., 2015).
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evident at greater heights (y/D < − 0.3). Also, with the increase in 
particle volume fraction, interactions with the supernatant liquid and 
other solid particles become dominant. These modify the segregation 
behaviour producing a more gradual increase in particle concentration 
as the pipe base is approached below y/D = − 0.3, rather than the steep 
increase in concentration for the non-hindered cases.

To better understand the reliability of the hindered settling model, a 
comparison was made between the base case Richardson-Zaki power- 
law function, and the modified model with velocity forcing functions 
(Hunter et al., 2020), given in Eq. (19), for the same particles at a 
concentration of 7 vol% (Case IX in Table 1). Fig. 13 compares con
centration profiles for these two hindered settling model simulations at 

Fig. 11. Contour plots of normalised mean particle concentration for 77 μm diameter particles at Reτ = 2378: (A) C0 = 1 vol%; (B) C0 = 3 vol%; (C) C0 = 5 vol%; and 
(D) C0 = 7 vol%, at t = 60 s. Shown (i) with and (ii) without hindered settling.

Fig. 12. Normalised mean particle concentration in the lower half of the pipe for 77 μm diameter particles in a Reτ = 2378 flow: (A) C0 = 1 vol%; (B) C0 = 3 vol%; 
(C) C0 = 5 vol%; and (D) C0 = 7 vol%, at t = 25 s (red), 35 s (purple), 50 s (green) and 60 s (blue); dashed/dotted lines – without hindered settling, × with 
hindered settling.
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four example simulation times (t = 25, 35, 50 and 60 s). The two models 
behave almost identically, although there is a very slight reduction in 
particle segregation in the near-wall region for the modified model, 
which stabilises the particles close to the maximum packing fraction. 
These results therefore demonstrate that the power-law Richardson-Zaki 
model used in the simulations is robust, even though it does not include 
a specific upper bound for high concentrations approaching (or above) 
the packing limit. This is at least true in the current simulations where 
segregation is relatively low, due to the high levels of turbulence, such 
that the particles do not approach the packing limit. For other cases at 
lower velocities (e.g., in settling tanks) modifications to account for 
limits around the particle maximum packing fraction will become more 
important (Hunter et al., 2020).

To further validate the Eulerian model with hindered settling, 
additional simulations for high concentrations were performed (Case X 
in Table 1) and comparisons made with the experimental data of Gillies 
et al. (Gillies et al., 2004) and Kaushal and Tomita (Kaushal and Tomita, 
2007), as shown in Fig. 14. These cases represent very high concentra
tion conditions (Co – 20 vol%) where hindered settling effects would be 
maximised. In the flows considered in Fig. 14, it is evident that con
centration segregation is minimised due to hindered settling, but it is 
still noticeably present (with greater C/Co variation for the larger 125 
µm) with very close agreement between the LES and experimental data.

The current LES-Eulerian drift flux simulations coupled to the 

hindered settling model compare favourably with previous studies, 
where hindered settling was neglected, or the turbulent flow was 
modelled with RANS techniques. For example, Ekambara et al. 
(Ekambara et al., 2009) undertook hydrodynamic simulations of slurry 
pipeline flow using a k-∊ based RANS model, performed using an 
Eulerian kinematic theory of granular flow approach for the particles. 
However, the kinematic approach simplifies particle interactions, dis
regarding important collisional and frictional effects that can affect 
model performance, as well as being limited to certain particle sizes and 
dilute concentrations that assume binary collisions (Khalilitehrani et al., 
2014). Kaushal et al. (Kaushal et al., 2012) also conducted slurry pipe 
flow simulations using a RANS-based Eulerian-Eulerian approach for 
high particle volume fractions, although they did not include a hindered 
settling model, in common with most other previous studies using CFD 
for high particle volume fraction flows (Dixit et al., 2023; Sadeghi et al., 
2022; Shajahan et al., 2024; Yang et al., 2022; Zhang et al., 2021; Zheng 
et al., 2020).

Conversely, the modified drift flux model is superior for dense flows 
with high particle volume fractions and multiple interactions between 
solid particles and, by using a power-law hindered settling model, offers 
a relatively computationally efficient approach (Abam et al., 2021; Pal, 
2019; Turney et al., 2018) that is versatile across differing boundary 
conditions and a nuanced representation of liquid–solid interactions. 
Despite requiring additional closure models for particle–particle in
teractions, its accuracy when compared to experimental data make it an 
obvious choice for understanding solid particle behaviour in complex 
flow regimes. It provides a more comprehensive treatment of diffusive 
transport as well as capturing the relative motion between phases and is 
suitable for the prediction of both dilute and dense particle flows.

4. Conclusions

This research investigated segregating particle-laden pipe flows 
using LES in OpenFOAM®. For simulating these flows, numerical stra
tegies employing both Eulerian-Lagrangian and Eulerian-Eulerian 
frameworks were developed and investigated. To assess the behaviour 
of particle dispersion, a modified LPT solver was employed to directly 
track the dispersed solids, with the particles initially inserted at arbi
trary locations within a fully developed turbulent liquid flow and 
assigned the local fluid velocity at those locations. A cyclic boundary 
condition was applied in the streamwise direction with no-slip condi
tions at the pipe walls. Statistical data were gathered for analysis after 
the particle phase had adjusted to the flow. A modified Eulerian solver 
with a hindered settling model was also developed to predict these 
flows, with particle concentration profiles compared with those pre
dicted using the particle tracking method and a range of experimental 

Fig. 13. Normalised mean particle concentration in the lower half of the pipe 
for 77 μm diameter particles at Reτ = 2378: C0 = 7 vol% at t = 25 s (red); 35 s 
(purple); 50 s (green); and 60 s (blue). × Eulerian model with Ricardson-Zaki 
hindered settling, Eq. (17); • modified hindered settling model, Eq. (19).

Fig. 14. Normalised mean particle concentration in lower half of the pipe: (A) C0 = 19 vol%, 90 μm diameter particles, U0 = 3 m/s, D = 103 mm, Reτ = 11461; and 
(B) C0 = 20 vol%, 125 μm diameter particles, U0 = 3 m/s, D = 54.9 mm, Reτ = 7044. Dash/dotted lines – Eulerian with hindered settling, × Experimental data 
(Gillies et al., 2004; Kaushal and Tomita, 2007).
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data at industrially relevant volume fractions. A modified driftFluxFoam 
solver was used as the basis of the latter approach as it proved to be 
computationally efficient. The LPT solver is limited to simulating low 
particle concentrations, while the Eulerian solver performs well across a 
wide range of conditions. A range of test cases available in the literature 
were used to validate the models, using both DNS and experimental 
data.

Results highlighted that segregated, equilibrium concentration pro
files and deposited particle beds were formed over moderate timescales 
of 60–80 s after fully developed flow was established. Direct comparison 
of profiles for 0.03 vol% between Lagrangian and Eulerian methods 
showed high consistency, with small deviations in the near-wall region, 
most likely due to estimation of the maximum bed packing fraction in 
the Eulerian case. Using the Eulerian framework, it was found, most 
importantly, that the incorporation of a hindered settling model signif
icantly reduced particle segregation at concentrations >3 vol%, in sys
tems of different particle sizes. Understanding the level of particle 
segregation and deposition is critical to the transportation of suspen
sions in many multiphase flow environments, such as with nuclear 
wastes, where reducing pipeline blockages is imperative. In summary, 
the LES Eulerian-Eulerian hindered settling approach described and 
validated herein, provides a computationally efficient, yet high resolu
tion methodology, that can be utilised to simulate high concentration 
particulate flows in pipes and clarifiers that are typical of many indus
trially relevant problems. Furthermore, the approach provides a plat
form for the incorporation of more complex dynamics associated with 
flocculated flows. Ongoing work is employing population balance 
equation techniques in OpenFOAM® to simulate flocculation build-up 
and shear breakdown in liquid–solid systems to extend current simula
tions beyond well-dispersed particles. Aggregate size changes over time 
will be coupled with the hindered settling model to simulate dynamic 
flocculation-controlled separation in both turbulent pipes and clarifier 
channel flows.
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