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In this study, a computational fluid dynamics (CFD) simulation which adopts the inhomogeneous Eulerian-Eulerian two-fluid
model in ANSYS CFX-15 was used to examine the influence of particle size (90 𝜇m to 270 𝜇m) and in situ particle volume fraction
(10% to 40%) on the radial distribution of particle concentration and velocity and frictional pressure loss.The robustness of various
turbulence models such as the 𝑘-epsilon (𝑘-𝜀), 𝑘-omega (𝑘-𝜔), SSG Reynolds stress, shear stress transport, and eddy viscosity
transport was tested in predicting experimental data of particle concentration profiles. The 𝑘-epsilon model closely matched the
experimental data better than the other turbulence models. Results showed a decrease in frictional pressure loss as particle size
increased at constant particle volume fraction. Furthermore, for a constant particle volume fraction, the radial distribution of
particle concentration increased with increasing particle size, where high concentration of particles occurred at the bottom of the
pipe. Particles of size 90 𝜇m were nearly buoyant especially for high particle volume fraction of 40%. The CFD study shows that
knowledge of the variation of these parameters with pipe position is very crucial if the understanding of pipeline wear, particle
attrition, or agglomeration is to be advanced.

1. Introduction

Conveyance of slurries through pipelines is common
throughout the worlds. Over the decades, the flow of slurries
through pipelines had been a common practice for various
industries such as the oil and gas, food, pharmaceutical,
solid handling, tailing, and even power generation. Many
factors affect slurry flow behaviour in pipelines. These
include particle size, velocity profile, frictional pressure loss,
and concentration profile [1–4]. Past studies have suggested
many empirical correlations to predict slurry flow behaviour;
nonetheless, the capability of these correlations is limited to
some data range and experimental setup.

In the oil and gas industry, applications of horizontal
well have increased especially in cementing operations and
hydraulic fracturing treatment. Furthermore, in unconsoli-
dated formations, oil is usually produced along with sand
particles and transported through horizontal pipes. To have
an efficient design, accurate prediction of the transport of
slurry properties in horizontal pipe is required. Recently,

CFD has become an effective tool for modelling complex
multiphase flow behaviours as it has the capability to tackle
unlimited number of physical and operation conditions.

Ekambara et al. [3] used CFD simulation to investigate
the effect of in situ solids volume concentration, particle
size, mixture velocity, and particle diameter on local time-
averaged solids concentration profiles, particle and liquid
velocity profiles, and frictional pressure loss. The simulated
results were compared to experimental data from published
literature with good agreement. The study revealed that
particles were asymmetrically distributed in the vertical plane
with the degree of asymmetry increasing with increasing
particle size.

Nabil et al. [4] examined the effect of particle size on
frictional pressure loss in a horizontal pipeline using both
experimental setup and CFD technique. They observed that
fine particle size recorded the least pressure loss, whereas
coarse particle size recorded the highest pressure loss for
each constant particle volume fraction (5% to 30%). CFD
prediction of pressure loss was in agreement with measured
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experimental data especially at low particle volume fraction
and fine particle size. Furthermore, the study revealed that
the particle velocity profiles were asymmetric in nature and
dependent on particle size. The degree of asymmetry was
observed to be directly proportional to the particle size due
to the gravitational effect and inversely proportional to the
mixture velocity at constant volume fraction.

An approach related to slurry flow modelling started
where one-dimensional (1D) Schmidt-Rouse equation [5] or
equivalent to Hunt [6] was developed to relate the particle
sedimentation rate to the turbulence exchange rate, as rep-
resented by solid eddy diffusivity. Based on this formulation,
Karabelas [7] built an empirical model to predict the profile
of particle concentration. Work done by him was then
continued by Kaushal and coworkers [8–12] in developing a
diffusionmodel.Themodel proposed amodification for solid
diffusivity for coarse slurry flows and their functions show
that the increase in solid concentration is due to the increase
in the solid diffusivity. However, the model was formulated
without taking into consideration solid diffusivity on both
particle size and pipe Reynold number [13]. By comparing
their pressure loss data with modified Wasp model, they
found a match at higher fluid velocity; however, significant
deviation shows at flow velocities near the deposition velocity
[14].

A 1D two-layer model considering coarse particle slurry
was developed by Wilson [15]. The author considered each
layer with a uniform velocity and particle concentration
because he assumes the particles to be very coarse. Doron et
al. [16] developed a 2D model to predict flow patterns and
pressure loss which is similar to Wilson’s model, where the
authors assumed the lower layer as stationary. Wilson and
Pugh [17] expanded the dispersive forcemodel by accounting
for particles suspended by fluid turbulence and contact-
load (Columbic) friction. Their model prediction of particle
concentration and velocity profile was in a good agreement
with measured experimental data.

Doron and Barnea [18] extended their study to a three-
layer model of slurry fluid flow in horizontal pipeline which
consists of a suspended layer, a bed layer, and a dispersive
layer which lies in between the suspended and bed layers.
They assumed the dispersive layer to be high in concentration
gradient where a no-slip condition was imposed between
fluid and solid particles. The model prediction successfully
showed assent with experimental data. Ramadan et al. [19]
also proposed a three-layer model. The model predictions
were then compared with experimental data where satisfac-
tory agreement was achieved.

Messa andMalavasi [20] proposed a new two-fluidmodel
for the simulation of fully suspended liquid-solid slurry flows
in horizontal pipes. The model is claimed to address wall
boundary conditions for solid phase, viscosity of the slurry
mixture which incorporates particle shape, and a solution
algorithm which reduces computational burden.The authors
emphasised that the new model increased the accuracy
of the pressure gradient predictions without affecting the
model’s capability in reproducing other engineering features
such as solid volume fraction and velocity distributions. Ma
et al. [21] conducted a CFD study for calculating erodent

particle trajectories in slurry flow. It involves the capturing
of the movement of erodent particles using the discrete
phase method (DPM) and calculating the interfaces between
fluid phase and gas phase using the volume of fluid (VOF)
method. The authors revealed that their model results were
in reasonable agreement with experimental observations in
terms of normal impact velocity on the specimen surface.
Recently,Miedema [22] proposed a framework for predicting
head loss and limit deposit velocity in slurry flow.The frame-
work is based on constant spatial volumetric concentration
curves and uniform sand or gravels for five flow regimes
in Newtonian fluid, namely, the stationary or fixed bed
regime, the sliding bed regime, the heterogeneous regime, the
homogeneous regime, and the sliding flow regime.Theauthor
concluded that the new framework explained the behaviour
of very small particles in terms of the mobilisation of the
lubrication effect of the particle poor viscous sublayer.

In this study, the effects of particle size (90 𝜇m to 270 𝜇m)
and volume fraction (10% to 40%) which are typical of
slurry conditions in the oil and gas industry are analysed
on the radial distribution of particle concentration and
velocity and frictional pressure loss in horizontal pipe using
CFD method. The findings are helpful to understand slurry
transport behaviour on pipeline wear, particle attrition, or
agglomeration.

2. Materials and Method

A commercial CFD software ANSYS-CFX 15.0 is imple-
mented in this study. The inhomogeneous Eulerian-Eulerian
model, sometimes called the two-fluid model, which regards
both continuous (liquid) and dispersed (solid) phases as
interpenetrating continuum is used to model the slurry flow.
The Eulerian-Eulerian model is best suited for high volume
fractions of the dispersed phase which is averaged over each
control volume. Each phase is governed by similar conser-
vation equations and modelling is needed for interaction
between the phases, turbulent dispersion of particles, and
collision of particle with walls. A drawback of this model
is, however, that complex closure relations are required. The
following continuity and momentum equations representing
the two-phase flow model are described for the sake of
brevity.

2.1. Continuity Equations. The volume-averaged, incom-
pressible, isothermal, and transient Navier-Stokes continuity
equations for both liquid and solid phases are, respectively,
given by [23, 24]

𝜕𝜕𝑡 (h𝑙) + ∇ (h𝑙𝑈𝑙) = 0,
𝜕𝜕𝑡 (h𝑠) + ∇ (h𝑠𝑈𝑠) = 0,

(1)

where h𝑙 and h𝑠 are the volume fraction of liquid and solid,
respectively, and𝑈𝑙 and𝑈𝑠 are the velocity vector of liquid and
solid, respectively.Themass exchange between the liquid and
solid phases due to reaction or combustion is not considered.
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2.2. Momentum Equations. The momentum balance for the
liquid and solid phases which includes the interphase mo-
mentum transfer term that models the interaction between
each phase is given by the Navier-Stokes equations as [23, 24]

𝜌𝑙k𝑙 [𝜕𝑈𝑙𝜕𝑡 + 𝑈𝑙 ⋅ ∇𝑈𝑙]
= −k𝑙∇𝑝 + k𝑙∇ ⋅ 𝜏𝑙 + k𝑙𝜌𝑙𝑔 −𝑀,

𝜌𝑠h𝑠 [𝜕𝑈𝑠𝜕𝑡 + 𝑈𝑠 ⋅ ∇𝑈𝑠]
= −h𝑠∇𝑝 +h𝑠∇ ⋅ 𝜏𝑙 + ∇ ⋅ 𝜏𝑠 − ∇𝑃𝑠 +h𝑠𝜌𝑠𝑔 +𝑀,

(2)

where 𝑔 is the gravity term, 𝑝 is the thermodynamic pressure,𝜌𝑙 and 𝜌𝑠 are density of liquid and solid, respectively,𝑀 is the
sum of interfacial forces including drag force and lift force,
and 𝜏𝑙 and 𝜏𝑠 are the shear stress tensor for both liquid and
solid, respectively.

The liquid phase and solid phase stress tensors can be
represented, respectively, as

𝜏𝑙 = 𝜇𝑙 [∇𝑈𝑙 + (∇𝑈𝑙)𝑇] − 23𝜇𝑙 (∇ ⋅ 𝑈𝑙) 𝐼,
𝜏𝑠 = (−𝑃𝑠 + 𝜁𝑠𝑈𝑠) 𝐼

+ 𝜇𝑠 {[∇𝑈𝑠 + (∇𝑈𝑠)𝑇] − 23 (∇ ⋅ 𝑈𝑠) 𝐼} ,
(3)

where 𝜇𝑙 and 𝜇𝑠 are the shear liquid and solid viscosity,
respectively, and 𝜁𝑠 is the bulk solid viscosity which accounts
for the resistance of the granular particles to compress and
expand and has the form [25]

𝜁𝑠 = 43h2𝑠𝜌𝑠𝑑𝑝𝑔0 (1 + 𝑒)√Θ𝜋 . (4)

Similarly, 𝑃𝑠 is the solid pressure that represents the solids
phase normal forces caused by particle-particle interactions
and takes the form [26]

𝑃𝑠 = 𝜌𝑠h𝑠Θs + 2𝜌𝑠h2𝑠Θs (1 + 𝑒) 𝑔0. (5)

The first term represents the particle velocity fluctuations and
the second term represents the particle collisions.

The shear solid viscosity can be represented as the sum of
the kinetic and collisional contributions as

𝜇𝑠 = 𝜇𝑠,kin + 𝜇𝑠,col. (6)

The kinetic and collisional component of the solids viscosity
are modelled, respectively, as [26]

𝜇𝑠,kin = 5√𝜋48
𝜌𝑠𝑑𝑝(1 + 𝑒) 𝑔0 (1 +

45𝜂 (1 + 𝑒) 𝑔0h𝑠)
2√Θ,

𝜇𝑠,col = 45h2𝑠𝜌𝑠𝑑𝑝𝑔0 (1 + 𝑒)√Θ𝜋 .
(7)

2.3. Interphase Models

2.3.1. Drag Force. For spherical particles, the drag force per
unit volume is given as

𝑀𝑑 = 3𝐶𝐷4𝑑𝑠 k𝑠𝜌𝑙
𝑈𝑠 − 𝑈𝑙 (𝑈𝑠 − 𝑈𝑙) . (8)

For densely distributed solid particles, where the solid volume
fraction k𝑠 < 0.2, the Wen and Yu [27] drag coefficient,𝐶𝐷, model may be utilised. This model is modified and
implemented in ANSYS-CFX to ensure the correct limiting
behaviour in the inertial regime as

𝐶𝐷 = k
−1.65
𝑙 max[ 24𝑁Re𝑝 (1 + 0.15𝑁

0.687
Re𝑝 ) , 0.44] , (9)

where𝑁Re𝑝 = k𝑙𝑁Re𝑝 and𝑁Re𝑝 = 𝜌𝑙|𝑈𝑙 − 𝑈𝑠|𝑑𝑠/𝜇𝑙.
For large solid volume fraction, k𝑠 > 0.2, the Gidaspow

drag model may be used with the interphase drag force per
unit volume defined as [26]

𝑀𝐷 = 150 (1 − k𝑙)
2 𝜇𝑙

k𝑙𝑑2𝑠 + 74
(1 − k𝑙) 𝜌𝑙 𝑈𝑙 − 𝑈𝑠𝑑𝑠 . (10)

In this study, both Wen and Yu and Gidaspow drag models
were employed depending on the computed solid volume
fraction.

2.3.2. Lift Force Model. For spherical solid particles, ANSYS-
CFX employs the Saffman and Mei lift force model as

𝑀𝐿
= 32𝜋 √]𝑙

𝑑𝑠√∇ × 𝑈𝑙
𝐶𝐿h𝑠𝜌𝑙 (𝑈𝑠 − 𝑈𝑙) (∇ × 𝑈𝑙 + 2Ω) . (11)

Saffman [28, 29] correlated the lift force for low Reynolds
number past a spherical solid particle where 𝐶𝐿 = 6.46 and0 ≤ 𝑁Re𝑝 ≤ 𝑁Re𝜔 ≤ 1. For higher range of solid particle
Reynolds number, Saffman’s correlation was generalised by
Lun et al. [25] as follows:

𝐶𝐿
= {{{{{

6.46 ⋅ 𝑓 (𝑁Re𝑝 , 𝑁Re𝜔) for : 𝑁Re𝑝 < 40
6.46 ⋅ 0.0524 ⋅ (𝛽𝑁Re𝑝)1/2 for : 40 < 𝑁Re𝑝 < 100,

(12)

where

𝛽 = 0.5(𝑁Re𝜔𝑁Re𝑝
) ,

𝑓 (𝑁Re𝑝 , 𝑁Re𝜔) = (1 − 0.3314𝛽0.5) ⋅ 𝑒−0.1𝑁Re𝑝
+ 0.3314𝛽0.5,

𝑁Re𝜔 = 𝜌𝑙𝜔𝑙𝑑
2
𝑠𝜇𝑙 ,

𝜔𝑙 = ∇ × 𝑈𝑙 .

(13)
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Figure 1: 2D and 3D meshed geometry.

2.3.3. Turbulence 𝑘-𝜀Model. The 𝑘-𝜀 turbulence model offers
a good compromise in terms of accuracy and robustness
for general purpose simulations. It is a semiempirical model
based on transport equation for the estimation of turbulent
length scale and velocity scale from the turbulent kinetic
energy (𝑘) and dissipation rate (𝜀) [30]. In multiphase flow,
the transport equations for 𝑘 and 𝜀 are phase dependent
and assume a similar form to the single-phase transport
equations, respectively, as

𝜕𝜕𝑡 (𝐶𝛼𝜌𝛼𝑘𝛼) + ∇
⋅ (𝐶𝛼 (𝜌𝛼𝑈𝛼𝑘𝛼 − (𝜇 + 𝜇𝑡𝛼𝜎𝑘 )∇𝑘𝛼))
= 𝐶𝛼 (𝑃𝛼 − 𝜌𝛼𝜀𝛼) + 𝑇(𝑘)𝛼𝛽 ,

𝜕𝜕𝑡 (𝐶𝛼𝜌𝛼𝜀𝛼) + ∇ ⋅ (𝐶𝛼𝜌𝛼𝑈𝛼𝜀𝛼 − (𝜇 + 𝜇𝑡𝛼𝜎𝜀 )∇𝜀𝛼)
= 𝐶𝛼 𝜀𝛼𝑘𝛼 (𝐶𝜀1𝑃𝛼 − 𝐶𝜀2𝜌𝛼𝜀𝛼) + 𝑇

(𝜀)
𝛼𝛽 ,

(14)

where 𝐶𝜀1 = 1.44, 𝐶𝜀2 = 1.92, 𝐶𝜇 = 0.09, 𝜎𝑘 = 1.0, and 𝜎𝜀 =1.3 are standard constants. 𝑇(𝜀)
𝛼𝛽

and 𝑇(𝑘)
𝛼𝛽

are the interphase
transfer for 𝜀 and 𝑘, respectively.

Diffusion of momentum in phase 𝛼 is governed by an
effective viscosity as

𝜇eff = 𝜇 + 𝜇𝑡𝛼. (15)

The 𝑘-𝜀model assumes that the turbulence viscosity is linked
to the turbulence kinetic energy and dissipation by the
relation

𝜇𝑡𝛼 = 𝐶𝜇𝜌𝛼 𝑘
2
𝛼𝜀𝛼 . (16)

The governing sets of partial differential equations were
discretised using finite volume technique. The discretised
equations together with initial and boundary conditions are
solved iteratively for each control volume of pressure drop
and cuttings concentration using ANSYS-CFX 15.0 solver.

2.4. GeometryModelling andMeshing. The three-dimension-
al (3D) horizontal pipe geometry wasmodelled using ANSYS
15.0 Workbench Design Modeller. The dimensions of the
geometry were taken from literature [31]. In order to ensure
a fully developed flow, a hydrodynamic entrance length was
computed using the following expression:

𝐿ℎ = 4.4 × 𝑁1/6Re × 𝐷ℎ, (17)

where 𝑁Re is the Reynolds number of the liquids and 𝐷ℎ is
the hydraulic diameter.

The geometry was meshed into small grid cell using
unstructured tetrahedral mesh type with inflation layers
created at the boundary of the pipe to accurately capture the
flow effect in that region [32]. Figure 1 presents themeshed 3D
geometry. The number of elements were optimised until the
results were no longer affected. In this study, the optimised
number of elements used was 801,848.

2.5. Boundary and Initial Conditions. At the inlet of the
pipe, mixture velocity and volume fraction of both liquid
and particles phases were specified. At the outlet, static
pressure was specified. At the wall, no-slip condition was
imposed on the liquid, while free-slip condition was imposed
on the particles. To initiate the numerical solution, average
volume fractions andmixture velocitywere specified as initial
conditions.

2.6. Numerical Solution. In this transient simulation particle-
water slurry study, the Navier-Stokes governing equations
together with their closure terms were solved using ANSYS-
CFX-15.0 solver. The mass and momentum equations were
discretised using the control volume technique. The first-
order implicit method was adopted for time discretisation,
whereas the second-order implicit method was also adopted
for space in solving the conservation law equations. The
SIMPLE algorithm was utilised to solve the pressure-velocity
coupling in the momentum equations, while the high resolu-
tion discretisation scheme was employed for the convective
terms. A constant time-step of 0.001 s and a total time of
20 s were used to perform the entire simulation.The solution
was assumed to be converged when the root mean square
(RMS) of the normalised residual error reached 10−4 for all
simulations.

2.7. Model Validation. The simulation model setup was
validated against experimental data available in literature
[31]. The particles properties employed were as follows: size,𝑑𝑝 = 270 𝜇m; specific gravity, SG = 2.65; and in situ
particle volume fraction, k𝑠 = 0.10. The mixture velocity
used is 5.4m/s. Several simulation runs were carried out
to investigate the accuracy of various turbulence models in
predicting the experimental particle concentration profile
data. The 𝑘-epsilon (𝑘-𝜀), 𝑘-omega (𝑘-𝜔), SSG Reynolds
stress, shear stress transport, and eddy viscosity transport
were among the testedmodels.The 𝑘-𝜀model was very robust
in predicting the particle concentration profile as compared
to the othermodels as shown in Figure 2, thus confirming the
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Figure 2: Comparison of predicted and experimental particle concentration profile.

Table 1: Simulation matrix.

Simulation parameter Values
Pipe diameter,𝐷 103mm
Pipe length 44 × 𝐷
Size of particle 90 𝜇m–270 𝜇m
Particle volume fraction 0.10–0.45
Specific gravity of particle 2.65
Specific gravity of water 1.00
Velocity of mixture 5.4m/s
Turbulence equation 𝑘-𝜀model

validity of the simulation model. The simulation matrix used
in performing sensitivity study is shown in Table 1 where the𝑘-𝜀model was employed in all simulation run.

3. Results and Discussion

This section shows the effects of particle size and in situ
particle volume fraction on the radial distribution of particle
concentration and velocity and frictional pressure loss.

3.1. Effect of Particle Size on Particle Concentration. Contour
plots of particle concentration as a function varying particle
size at the outlet of the pipe are shown in Figures 3(a)–
3(d). With a constant in situ particle volume fraction of
k𝑠 = 0.10, there are significant differences in the particle
concentration as the particle size increases. It is observed that
the smallest particles (𝑑𝑝 = 90 𝜇m) were more buoyant and
homogeneously dispersed in the liquid phase. As the particle
size increases from 𝑑𝑝 = 90 𝜇m to 270𝜇m, the particle
concentration becomes high at the bottom of the pipe due
to gravitational effect which prevents the large particles from
travelling farther and exiting out of the pipe. The maximum
recorded particle concentrations deposited at the bottom of
the horizontal pipe are 15.1%, 21.5%, 25.8%, and 30.7% for
particle size of 𝑑𝑝 = 90 𝜇m, 150 𝜇m, 210 𝜇m, and 270𝜇m,
respectively. These results show that, in the transportation

of oil in addition to sand particles, larger particles may
accumulate at the bottom of the pipe thereby blocking the
effective flow area and reducing productivity.

Figures 4(a)–4(c) also show the predicted concentration
profiles in the radial direction of the horizontal pipe for three
different in situ particle volume fractions: k𝑠 = 10%, 25%,
and 40% with varying particle sizes. The results represent
a broad spectrum of fluid turbulence effect on particle sus-
pension from neutrally buoyant to sluggish especially at the
bottom of the pipe as particle size increases for each constant
in situ particle volume fraction. This phenomenon was also
observed by Ekambara et al. [3]. It is noteworthy that particle
concentration increased as in situ particle volume fraction
also increased. For particle size of 𝑑𝑝 = 90 𝜇m, there was
no noticeable change in the particle concentration profile for
all in situ particle volume fractions (see Figures 4(a)–4(c)).
This is because the particles are relatively fine and themixture
velocity is significantly greater than the deposition velocity.
Nonetheless, for particle size of 𝑑𝑝 = 270 𝜇m and k𝑠 = 10%,
the particle concentration profile collapses rapidly due to the
weak particle-particle interactions which is further overcome
by the particle depositional velocity (see Figure 4(a)). When
the in situ particle volume fraction increases to k𝑠 = 40%,
a strong particle-particle bond is formed thereby suspending
the particle concentration in almost the entire pipe as shown
in Figure 4(c). A further description can be viewed in the
contour plots in Figures 5(a)–5(c).

3.2. Effect of In Situ Particle Volume Fraction on Particle
Velocity. Figures 6(a) and 6(b) show the effect of in situ
particle volume fraction on particle velocity for constant par-
ticle size of 90𝜇m and 270𝜇m, which represent the fine and
coarse particles, respectively. Generally, it is observed from
both results that particle velocity profiles were asymmetrical
about the central axis; however, the degree of asymmetry is
influenced by particle size. For particle size of 270𝜇m, the
particle velocity profile plots are more skewed to the bottom
of the pipe as shown in Figure 6(b). This is due to particle
settling of the coarse particles as a result of gravity effect.This
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Figure 3: Contour plots of particle concentration at k𝑠 = 10%: (a) 𝑑𝑝 = 90 𝜇m, (b) 𝑑𝑝 = 150 𝜇m, (c) 𝑑𝑝 = 210 𝜇m, and (d) 𝑑𝑝 = 270 𝜇m.

phenomenon has also been demonstrated experimentally
by Gillies and Shook [33]. Furthermore, for each constant
particle size, particle velocity increased with decreasing in
situ particle volume fraction. This is due to fluid turbulence
effect on the weak particle-particle interaction of the low in
situ particle volume fraction of k𝑠 = 10%. The increase in
particle velocity for varying in situ particle volume fractions
is howevermore pronounced for fine particle size of 90𝜇mas
shown in Figure 6(a).

3.3. Effect of Particle Size on Frictional Pressure Loss. In
Figure 7, the effect of particle size on frictional pressure loss
for constant in situ particle volume fraction is presented. It

is observed that frictional pressure loss in the pipe decreased
with increasing particle size for each constant in situ particle
volume fraction. It is noteworthy that turbulent flowwill keep
fine particles (𝑑𝑝 = 90 𝜇m) in suspension. This will increase
the effective viscosity of the suspension and hence decrease
its Reynolds number. Since friction factor is inversely pro-
portional to the Reynolds number, a decrease in Reynolds
number will increase friction factor. The frictional pressure
loss will ultimately increase since it is directly proportional to
the friction factor. On the contrary, coarse particle sizes (𝑑𝑝 >90 𝜇m) will settle easily at the bottom of the horizontal pipe,
thus blocking part of the effective flow area.This will increase
the fluid velocity in the effective flow area and as a result
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Figure 4: Effect of particle size on particle concentration profile: (a) k𝑠 = 10%, (b) k𝑠 = 25%, and (c) k𝑠 = 40%.

increase the Reynolds number. The friction factor decreases,
thereby resulting in an increase in the pressure loss. It was
observed that as particle size increased from 𝑑𝑝 = 90 𝜇m to
270𝜇m, the frictional pressure loss decreased by 27.9%, 47.6%,
and 38.1% for constant particle volume fraction, k𝑠, of 10%,
25%, and 40%, respectively.

3.4. Effect of In Situ Particle Volume Fraction on Frictional
Pressure Loss. The presence of solid particles in the liquid
phase increases the frictional pressure loss due tomomentum
interaction between the solids and the liquid. It is shown in
Figure 8 that high particle volume fraction resulted in high
frictional pressure loss as compared to low particle volume
fraction.This is mainly due to high friction between particle-
particle, particle-liquid, and particle-wall interactions. For
instance, a percentage increase in frictional pressure losses
of 106.4%, 55.8%, 59.3%, and 77.3% occurred as the in situ
particle volume fraction increased fromk𝑠 = 10% to 40% at a
constant particle size of 90 𝜇m, 150 𝜇m, 210 𝜇m, and 270 𝜇m,
respectively.

4. Conclusion

The Eulerian-Eulerian two-fluid model was adopted in a
three-dimensional transient simulation of slurry flow in a
horizontal pipe. The particle concentration, particle velocity,
and frictional pressure loss were some of the output results
observed as functions of particle size and in situ particle
volume fraction. The 𝑘-𝜀 turbulence model was found to sat-
isfactorily predict the concentration profile of experimental
data as compared to other turbulence models. The particle
concentration profiles for fine particles were neutrally buoy-
ant as the fluid turbulence kept the particles in suspension.
The particle concentration profiles for coarse particle were
primarily dependent on the in situ particle volume fraction.
Particle velocity profiles for high particle volume fraction
were asymmetric; nonetheless, fine particle size travelled
faster than coarse particle size. Frictional pressure loss was
increased for fine particle-sized slurry and decreased for
coarse particle-sized slurry. Moreover, high particle volume
fraction resulted in high frictional pressure loss. The study
has shown that the available CFD models are capable of
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Figure 5: Contour plots of particle concentration at 𝑑𝑝 = 270 𝜇m: (a) k𝑠 = 10%, (b) k𝑠 = 25%, and (c) k𝑠 = 40%.
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Figure 6: Effect of in situ particle volume fraction on particle velocity profile: (a) 𝑑𝑝 = 90 𝜇m and (b) 𝑑𝑝 = 270 𝜇m.
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satisfactorily predicting slurry flows and other hydrodynamic
flows.
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