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ABSTRACT

Pipeline transport is commonly used in the oil sand industry to convey crushed oil sand ores and tailings. Bitumen residues in the oil sand
tailings can be a threat to the environment that separating them from tailings before disposal is crucial. However, low bitumen concentration
in the tailing slurry and the complex transport characteristics of the four-phase mixture make the process difficult. This study establishes an
Eulerian–Eulerian (E–E) computational fluid dynamics model for an industrial-scale oil sand tailings pipeline. A comprehensive sensitivity
analysis was conducted on the selection of carrier-solid and solid-bitumen drag models. The combination of small and large particle sizes
(i.e., 75 and 700 lm) and bitumen droplet size (i.e., 400lm) provided good agreement with field data in velocity profiles and pressure drop.
The validated model was subsequently extended to investigate the influence of the secondary phase (i.e., bitumen droplets and bubbles) on
flow characteristics in a tailing pipeline. The investigation covered a range of bitumen droplet size (100–400 lm), bitumen fraction
(0.0025–0.1), bubble size (5–1000 lm), and bubble fraction (0.0025–0.3) and their influences on the velocity, solids, and bitumen distribution
are revealed. For an optimum bubble size of 500 lm, a maximum recovery of 59% from the top 50% and 83% from the top 75% of the pipe
cross section was obtained. The present study demonstrates the preferential distribution of bitumen and provides valuable insight into bitu-
men recovery from an industrial-scale tailing pipeline.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0132129

I. INTRODUCTION

Hydraulic pipeline transport of concentrated slurry flows has a
wide range of applications in diverse industries, such as mining, chem-
istry, oil, and waste treatment.1,2 Transport of slurry flows by pipeline
is considered safe, energy-efficient, and cost-effective. The concen-
trated slurry flow is a multicomponent system consisting of solid par-
ticles, water, and other compounds. Those fine particles smaller than
44lm along with water form non-Newtonian carrier fluid, which typi-
cally exhibits shear-thinning behavior.3–5 The presence of coarse par-
ticles would form heterogeneous and fully stratified flows due to a low
degree of turbulence. It lowers the transport capacity and increases the
energy cost simultaneously.6–8 In recent decades, many researchers
have considerably reported both experimental and numerical studies
of slurry transport in horizontal pipelines. Most of the previous works
are concerned with a two-phase slurry system, considering a single
and multi-size particle slurry system.9,10 Regardless, the real world of

industrial-scale slurry systems is complex due to the flow’s composi-
tion and non-Newtonian behavior.

In the oil sand industry, pipe transport is used to convey
crushed oil sand ores and tailings.11,12 Both concentrated slurry flows
contain bitumen droplets and trace entrapped gas bubbles in addi-
tion to solid particles and water. After extraction of liberated bitu-
men, the concentrated oil sand tailings composed of a tiny fraction
of bitumen residue and high solid contents are transported to the
tailing ponds.13 However, the bitumen residue has become a threat
to wildlife and the environment.14–16 Consequently, it is crucial to
separate bitumen from tailings before disposing of them in tailings
ponds. The first step to designing a separation technology is under-
standing the tailings flow and its effective parameters. However, the
low bitumen concentration in the slurry and the complexity of the
mixture make separation difficult. It is difficult to predict the trans-
port characteristics of slurry flow in large-diameter pipes, especially
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when there are multiple secondary phase solids and bitumen droplets
in the slurry.

A few experimental works reported a similarly complex multi-
phase flow system with a gas–liquid–solid flow in a horizontal pipe-
line. Gillies et al.17 experimentally investigated gas–liquid mixtures
transport sand in a horizontal pipe in both laminar and turbulent flow
regimes. Gas was injected into the loop, and static pressure was mea-
sured near the weighed section. They found that the gas injection
would increase the solid’s transport rate when the flow was turbulent
and the axial pressure gradient increased. Scott and Rao18 also investi-
gated the experimental study on the transport of solid particles (500
and 100lm) by gas–liquid mixtures in horizontal pipes. Experimental
observations were reported for different solid concentrations and pipe
diameters on the saltation velocity for liquid–solid, bubble, plug, and
slug flow regimes. They found that for the larger particles, the effects
of bubbles and plugs on the velocity field were insufficient to overcome
the forces causing saltation, and there was no significant change in
actual saltation velocity.

Fukuda and Shoji19 also studied the pressure drop of an
air–water–sand three-phase system in horizontal pipes. Two different
flow patterns were observed, i.e., plug and slug flow. They found that
pressure drop increased in proportion to the gas velocity. At a constant
gas velocity, the differences in pressure drop were due to changes in
the volumetric particle counteraction. Recently, Zahid et al.20 experi-
mentally studied the two-phase and three-phase flow behavior in dril-
ling annuli using a high-speed visualization technique. Experimentally,
they found that the air–water two-phase flow and gas bubbles were
separated by water and the top of the annulus. A bubbly flow regime
was observed for the considered range of operating conditions.
However, with an increase in the water and air flow rate, the system
pressure was increased. For lower flow rates of air and water, a strati-
fied flow regime was observed with a clear wavy interface on the upper
part of the annulus. Kaushal et al.21 experimentally investigated the
pressure drop and particle concentration distribution with different
combinations of particle size distributions (PSDs) and concentrations.
They reported that the particle concentration in the horizontal panel
was not correlated with the velocity and overall concentration.
However, a lower pressure drop was obtained with a broad-grading
particle and a lower velocity.

To recover residual bitumen before discharging to the tailing
ponds, several innovative experimental studies have been conducted to
enhance bitumen recovery with microbubble injection in a lab-scale
pipeline.22–25 Though a vast number of theoretical and experimental
studies on liquid–solid flow can be found in the literature, very few
studies related to the gas–liquid–solid flow were available, and uncer-
tainties exist in modeling this flow. Recently Motamed Dashliborun
et al.23 reported experimental work that the optimal bitumen recovery
of 50% was achieved from the oil sand tailings of 6.68wt. % sands and
0.2wt. % bitumen with microbubble injection in a hydrotransport
pipeline.23 Furthermore, a higher bitumen recovery of 70% from
highly concentrated oil sand tailings of 50wt. % sands was obtained in
the following work conducted by Zhou et al.24 Numerous investiga-
tions have studied the mechanism of flotation behavior in the presence
of microbubbles.26–28 The interaction between microbubbles and bitu-
men droplets decreases the system’s free energy.29 Due to the longer
residence time and high surface-to-volume ratio, microbubbles have a
higher probability of collision with bitumen droplets.26,30 In addition,

microbubbles have faster liquid drainage in the attachment to the
bitumen surface.31,32 Those factors account for enhanced bitumen
recovery with microbubble injection. Nevertheless, using experi-
mental techniques, it is challenging to non-intrusively monitor the
bitumen–bubble interaction in the turbulent concentrated slurry flow
at a high flow rate.

Simultaneously with the effort to improve experimental results
and analytical models, computational fluid dynamics (CFD) is becom-
ing more comprehensive in investigating slurry flows in pipelines.
There have been two different approaches to modeling multiphase
flows: Eulerian–Eulerian (E–E) and Eulerian–Lagrangian (E–L).33,34

Kaushal et al.35 studied the mixture and Eulerian two-fluid model
(TFM) to simulate the transport of slurry flow of fine particles up to
50% by volume in the pipeline. The Eulerian model contributes a bet-
ter prediction in both pressure drop and concentration profiles at vari-
ous overall concentrations and flows velocities compared to the failure
of the mixture model in predicting pressure drop with regard to the
slurry concentration. Li et al.36 numerically simulated the transport of
multi-sized slurry through a pipeline employing a steady 3D hydrody-
namic model based on the kinetic theory of granular flow (KTGF)
model. They predict the distributions of velocity and concentration
with different particle concentration and sizes, pipe diameter, and
slurry velocity.

Recent works of Li et al.37 and Zhang et al.38 established the
Eulerian multiphase flow model to investigate the effect of particle size
of single and multi-sized slurry flows on transport properties under the
same conditions, such as flow velocity, wall shear stress, and granular
pressure distributions. The presence of fine particles is found to reduce
energy consumption by changing the coarse particle’s flow regime. Shi
et al.39 carried out simulations on multi-sized slurry flows in the hori-
zontal pipeline under various swirling motions utilizing the
Eulerian–Eulerian multiphase model in conjunction with the k–x shear
stress transport (SST) scheme. The results suggest that an increased
level of swirl results in a higher degree of homogeneity of slurry flows.

In general, the mixture model is a low computational effort
model than the E–E simulation. Our previous work systematically
studied the complex multiphase flow system with eight solid phases,
bitumen droplets, and carrier non-Newtonian liquid. However, the
mixture model completely ignores the secondary phase interactions.40

The equations for the mixture model are relatively similar to those for
a single-phase flow but are expressed in terms of the density and veloc-
ity of the mixture. As a result, the secondary phase interactions of bub-
bles and bitumen droplets are neglected in our previous work due to
limitations of the mixture model for high-density ratios.40,41 Ling
et al.42 also reported that for lower flow rates and higher particle con-
centrations, the mixture model underpredicts the pressure drop.

Interestingly, most of the reported research is mainly concerned
with the slurry transport for the lab-scale data for Newtonian
liquids,35–39,43 while several industrial slurry systems likely exhibit
complex non-Newtonian behaviors.44–46 On the other hand, second-
ary phases like droplets and bubbles play a significant role in industrial
scales pipeline transport such as oil sand tailings and mining
residuals.47–49 In spite of industrial application, most research works
completely ignore the fundamental understanding of the droplets and
bubble influence in a complex multiphase system phase. The underly-
ing phenomena of droplets and bubbles in a tailing system are impera-
tive and desirable. To the best of our knowledge, there is no published
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data on slurry systems with droplets and bubbles in the literature that
can provide the necessary concentration profiles and pressure drop for
industrial applications. Therefore, the main objective of this study is to
investigate the effect of the secondary phase interactions on the tailing
transport in highly non-Newtonian turbulent flows. The present work
would provide an improved design of oil sand tailing pipeline systems,
where secondary phases such as droplets and bubbles are commonly
presented.

In this work, we develop a three-dimensional finite volume
method (FVM) based on an Eulerian–Eulerian CFD model coupled
with the KTGF model to investigate the influence of secondary phase
droplets and bubbles in an industrial-scale horizontal pipeline tailing
system. We systematically conduct the model sensitivity analysis and
model validation with the industrial scale field data. The validated
CFD model is extended to investigate the bitumen droplet, bubble
size, and secondary phase fraction effect on flow characteristics. These
fundamental understandings can be significantly beneficial for
industrial-scale slurry transport systems. This paper is organized as
follows: Sec. II presents the velocity profile and pressure drop of the
tailing system; Sec. III describes the governing equations of the multi-
fluid model (MFM), turbulence model, and non-Newtonian viscosity
model; and Sec. IV describe the details of our numerical methodology
settings and model validation. In Sec. V, we present and discuss the
effects of the secondary phase droplet/bubble size and fraction on
slurry flow behavior. In Sec. VI, we conclude our study with some con-
cluding remarks.

II. VELOCITY PROFILE AND PRESSURE DROP
OF TAILINGS SYSTEM

Figure 1(a) shows a schematic of the horizontal pipeline used for
field data (i.e., pilot scale hydrotransport pipeline data) collection. The
pipe is 220m in length and 74 cm in diameter, with two pumps at the
inlet and outlet of the pipe. Several sets of field data were collected on
a section of an industrial pipeline for a mining process to validate the
CFD model. The samples are collected from the pipe center after the
first pump discharge every 12 h, and the mixture composition is

determined using a Dean–Stark apparatus50 to determine the particle
size distribution (PSD) for solid particles sieving method employed.51

A noninvasive SANDtrac velocity profile system (CiDRA) is
installed after 200m of the pipe inlet and reports the mixture velocity
distribution in five locations across the pipe every 2 s. It consists of five
sensors attached to the wall of a pipe that track turbulent eddies that
cause pressure disturbances and force on the wall. This array senses
the dynamic strains applied to the pipe by these forces and converts
them to electrical signals to be interpreted, and the velocity values are
calculated.52

The signals from the profiler are interpreted to the mixture veloc-
ity values in different locations. Figure 1(b) shows the measurement
points of the velocity in a cross-sectional view. The device measures
the mixture velocities in five locations with a 45� difference in angle.
The radial distance from the pipe center is approximately 0.85R, where
R is the pipe radius. The pressure is measured at two locations; at the
first pump discharge and the second pump suction every 2 s. The flow
rate and mixture density data are also available within a 2 s time span.
The available data will be used to prepare simulation cases for model
validation. Figure 1(c) shows the schematic of the oil sands tailings
flow inside the pipe with its components.

The selection of a proper time window must be carefully consid-
ered after collecting around a million data points and monitoring the
fluctuations and significant shifts in flow conditions. Data points are
plotted against a 30-min time window as the initial step. For CFD sim-
ulations, a time window is chosen if the oscillations are insignificant
and the flow conditions are fairly consistent minimum standard devia-
tion is lower than 0.2. After averaging the values over a selected time
window, simulation cases are prepared for multiple time windows
listed in Table I. The particle sizes S1 and S2 represent solid 1 and solid
2 volume fractions of the tailing system.

III. MATHEMATICAL MODELING
A. Governing equations of multi-fluid model

Multiphase systems are modeled mathematically as interpene-
trating continua in the Eulerian model.53 The phases are considered
distinct and treated in the system. The interphase exchange coefficient
and pressure are responsible for phase coupling. Dissipation of energy,
exchange of energy among particles, and interfacial forces are all con-
sidered in the model.36,43

Table II lists the governing equation of the mass and momentum
balance for the phases. The nomenclature section includes the list of
all symbols mentioned in governing equations. Equation (1) shows the

FIG. 1. Schematic representation of (a) tailing hydrotransport pipeline with dimen-
sions, (b) velocity profiler measurement locations, and (c) typical tailing slurry repre-
sentation. The tailing composition consists of coarse and fine particles with bitumen
in a carrier fluid.

TABLE I. Field data of the tailing system used in the CFD model validation.

Case
V

ðm=sÞ
Solid

fraction

Carrier
density
(kg=m3)

Bitumen
fraction

S1
(75 lm)

S2
(700 lm)

A 5.620 0.238 1335 0.0025 0.206 0.033
B 5.353 0.230 1279 0.0033 0.199 0.031
C 5.430 0.237 1329 0.0029 0.211 0.025
D 5.540 0.269 1228 0.0030 0.240 0.028
E 5.764 0.223 1223 0.0029 0.192 0.030
F 5.643 0.238 1332 0.0030 0.205 0.032
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continuity equation for all of the phases. Equation shows the momen-
tum balance for the liquid (carrier fluid), which is the primary phase in
this study. In this equation, ~F l;s and ~F l;b refer to the interphase forces
between the liquid with the solids and bitumen phases, respectively. For
the interactions between the liquid and solid phases, the drag force [Eq.
2(c)], virtual mass [Eq. 2(d)], and turbulent dispersion force [Eq. 2(e)]
are included in the model. The drag force arises from the difference
between the velocities of the primary and secondary phases in the flow
direction. The drag force has been proven to be an essential force in the
modeling of multiphase slurry flows. The drag model of Gidaspow
et al.56 has been extensively used by other researchers in the literature
and proven to accurately describe the drag force between the solid and
liquid phase.36,43,53 In a turbulent slurry flow, the interactions between
the turbulent eddies and secondary phases resulting in the turbulent dis-
persion force can significantly influence the flow behavior and should
be included in the model.57–59 To this end, the model introduced by
Burns et al.57 is implemented to account for the turbulent dispersion
force between the carrier and solid particles.

For the interactions between the carrier fluid and bitumen drop-
lets, the drag [Eq. 2(f)] and turbulent dispersion [Eq. 2(g)] forces have
been included in the model similar to carrier–solids interactions. The
drag model used for the carrier–bitumen is the symmetric model,40

and the model of Burns et al.57 has been implemented for the turbu-
lent dispersion force. The drag force of Gidaspow et al.56 has been
included to capture the interphase force between the solid phases. For
the bitumen and solid phases, the symmetric drag model has been
used.

B. Governing equations of turbulence model

The k–� and k–x are the most promising turbulence models, and
numerous studies have reported their applicability and implementa-
tion in the slurry system. However, several researchers recently
reported the feasibility of the standard k–� model for complex slurry
systems.36,60 Considering the computational cost for industrial-scale
systems with four and five phases of the E–E model, the two-equation

TABLE II. Momentum equations.40,53,54

Continuity @

@t
ðqqaqÞ þ r � ðqqaq~vqÞ ¼ 0 ; ðq ¼ l; s; bÞ (1a)

al þ as1 þ as2 þ ab ¼ 1 (1b)

Momentum (liquid) @

@t
ðalql~v lÞ þ r � ðalql~v l �~v lÞ ¼ �alrpþ qlal~g þr � sl þ~F l;s þ~F l;b (2a)

~F l;si ¼~F td;lsi þ~F drag;lsi (2b)

~F drag;lsi ¼
3
4
CDasiql

jj~v l �~vsijj
dp

ð~v l �~vsiÞ (2c)

~F td;lsi ¼
3
4

CDlt;l
dprt;l

asijj~v l �~vsijj rasi
asi

�ral
al

� �
(2d)

~F l;b ¼~F td;lb þ~F drag;lb (2e)

~Fdrag;lb ¼ 3
4
CDabql

jj~v l �~vbjj
db

ð~v l �~vbÞ (2f)

~F td;lb ¼ 3
4

CDlt;l
dprt;l

abjj~v l �~vbjj rab
ab

�ral
al

� �
(2g)

Momentum (ith solid phase) @

@t
ðasiqsi~vsiÞ þ r � ðasiqsi~vsi �~vsiÞ ¼ �asirp�rpsi þ qlasi~g

þr � ssi þ~F si;l þ~F drag;sib þ bijð~vsj �~vsiÞ
(3a)

bij ¼
3ð1þ eijÞ p

2
þ Cfr;ij

p2

8

� �
asiqsiasjqsjðdsi þ dsjÞ2g0;ij

2pðqsid3si þ qsjd
3
sjÞ

jj~vsi �~vsjjj (3b)

ssi ¼ asilsiðr~vsi þ ðr~vsiÞTÞ þ asi ksi �
2
3
lsi

� �
ðr �~vsiÞ�I (3c)

~F drag;s ¼ �~F drag;l (3d)

~F td;s ¼ �~F td;l (3e)

Momentum (bitumen) @

@t
ðabqb~vbÞ þ r � ðabqb~vb �~vbÞ ¼ �abrpþ qlab~g þr � lbðr~� þr~�TÞ þ~Fb;l þ~Fb;si (4a)

~F b;l ¼ �~F l;b;~Fb;si ¼ �~F si;b (4b)
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model is taken into account. The choice of the turbulence model
between these two models has been widely discussed in the literature
for different engineering applications. Inspired by the previous works,
a mixture turbulence k–� model based on Reynolds-averaged
Navier–Stokes (RANS) equations is used to capture the turbulent
slurry flow.36,60 The k–� model equations describing this model are
listed in Table III. The standard wall functions based on the
Launder–Spalding law-of-the-wall is the most widely used wall func-
tion.61,62 The standard wall functions provide reasonably accurate pre-
dictions for most of the high-Reynolds number, wall-bounded flows.
This model has been used extensively used in similar systems like hori-
zontal pipes without elbow junctions, and strong body forces sys-
tems.63–67 The Yþ value near the wall is between 30 < Yþ < 300 for
both carrier and secondary phase solids. The logarithmic law for mean
velocity is valid in the present study. The standard wall functions-
based model has a faster and easier convergence than SST k–x, and
the near-wall effect is insignificant. Therefore, we have adopted the
StandardWall Functions treatment similar to previous works.

C. Casson viscosity model

According to Adeyinka et al.,68 the suspension of fine sand par-
ticles in water with a concentration in the range of 10–40wt. % follows
the Casson rheological model. As the mass fraction of the fine particles
in this study fall into the mentioned range, the non-Newtonian behav-
ior of the carrier model can be modeled via the Casson model. The
equation for this model is expressed via Eq. (11), where lc is the
Casson viscosity,

s1=2 ¼ s1=2y þ l1=2c _c1=2: (11)

IV. IMPLEMENTATION AND VALIDATION
OF CFD MODELS
A. Computational model and solver settings

In this work, a three-dimensional circular pipeline with the inner
diameter of D¼ 0.74 m and length of Z¼ 105 m is considered for the
numerical investigation based on the industrial scale pipeline condi-
tions as shown in Fig. 2(a). Based on the computed velocity profiles
along the slurry pipeline, it is confirmed that the flow is fully

developed. This study employs an unsteady state Eulerian–Eulerian
multiphase model in which different phases are conceptualized as
interpenetrating continuous systems. To describe particle interactions,
granular kinetic theory is used. All phases share a single pressure, and
each phase solves its corresponding conservation equations for mass,
momentum, and energy. All phases are coupled by pressure and

TABLE III. Standard k–� mixture turbulence model.36

The k equation @

@t
ðqmkÞ þ rðqm~vmkÞ ¼ r � lt;m

rk
rk

� �
þ Gk;m � qme (5a)

The � equation @

@t
ðqmeÞ þ rðqm~vmeÞ ¼ r � ltm

re
re

� �
þ e
k
ðC1eGk;m � C2eqmeÞ (6a)

Mixture density
qm ¼

Xn
q¼1

aqqq (7a)

Mixture velocity
~vm ¼

Xn
q¼1

aqqq~vq

 !� Xn
i¼q

aqqq

 !
(8a)

Turbulent viscosity
lt;m ¼ qmCl

k2

e
(9a)

Standard constants C1e ¼ 1:44;C2e ¼ 1:92;Cl ¼ 0:09; rk ¼ 1:0;re ¼ 1:3 (10a)

FIG. 2. (a) Computational domain with dimensions and boundary conditions.
Cross-sectional view of the mesh for different mesh structures: (b) coarse, (c) fine,
(d) extra fine, and (e) grid structure along the length of the pipeline. Comparison of
(f) velocity profile and (g) solid volume fraction profiles for different meshes.
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interphase exchange coefficients. In this method, volume fractions of
continuous and dispersed phases are assumed to be continuous func-
tions of space and time, and their sum is equal to one. Also, interphase
exchange coefficients are used to model all secondary phase interac-
tions. For secondary phase interactions, the E–E model is more com-
prehensive and robust from a computational perspective. The current
study uses the E–E multi-fluid model (MFM). It is worth noting that
in the present CFD model, droplet/bubble breakup and coalescence
are not considered.

Tables II and IV list the conservation equation for the multi-fluid
model with KTGF. A finite volume method (FVM) based commercial
software ANSYS Fluent solver 2020 R2 is used to solve all unsteady
state equations.40 The details of the solver settings and schemes are
presented in Table V. At the pipe inlet, each phase’s velocity and vol-
ume concentration is assumed to be uniform. An outlet boundary con-
dition equal to atmospheric pressure is selected as the outlet boundary
condition. At the wall, the liquid phase velocity is set to zero, corre-
sponding to the no-slip condition. Turbulence intensity and turbulent
viscosity ratio of all phases are set to the values 5% and 10%,
respectively.36

The details of all the fluid properties and KTGF model parame-
ters are listed in Table VI. For solving momentum equation and

turbulence transports, the second-order upwind method is used. For
solving volume fraction, the first-order upwind method is used with a
pressure relaxation factor of 0.3, a momentum relaxation factor of 0.7,
and a volume fraction relaxation factor of 0.4. The governing equa-
tions must be discretized in space and time for transient simulations.
Time-dependent equations are discretized spatially in the same way as
steady-state equations. In temporal discretization, each differential
equation term is integrated over the time step dt. The implicit equation
can be solved iteratively at each time level. The advantage of the
implicit scheme is that it is unconditionally stable with respect to time

TABLE IV. Equations from granular kinetic theory.36,53–55

Granular
kinetic
theory
(ith solid
phase)

ksi ¼
4
3
a2siqsidsig0;ii 1þ eijð Þ Hsi

p

� �1=2

(12a)

g0;ii ¼ 1�
X2
i¼1

asi=as;max

 !1=3
2
4

3
5
�1

þ dsi
2

X2
i¼1

asi
dsi

(12b)

g0;ij ¼
dsig0:ii þ dsjg0;jj

dsi þ dsj
(12c)

Hsi ¼ 1
3
jj~v0sijj2 (12d)

0 ¼ �psi�I þ ssi
� �

: r~vsi � cHsi
þ /li (12e)

cHs
¼ 12 1� e2ii

� �
g0;ii

dsip1=2
qsia

2
siH

3=2
si (12f)

/li ¼ �3KliHi (12g)

psi¼asiqsiHsi 1þ2
X2
j¼1

dsiþdsj
2dsi

� �3

1þeijð Þasjg0;ij
2
4

3
5 (12h)

lsi ¼ lsi;col þ lsi;kin þ lsi;fr (12i)

lsi;col ¼
4
5
asiqsdsig0;ii 1þ eijð Þ Hsi

p

� �1=2

asi (12j)

lsi;kin¼
10qsidsi Hsipð Þ1=2
96asi 1þeijð Þg0;ii 1þ4

5
g0;iiasi 1þeiið Þ

	 
2
asi (12k)

lsi;fr ¼
psi sinusi

2I1=22D

(12l)

TABLE V. List of different models and solver settings details of the multi-fluid model.

Model Scheme

Multiphase model Eulerian
Turbulence model k–� standard36

Turbulent dispersion Burns et al.57

Turbulence multiphase Mixture53

Carrier–solid drag Gidaspow53,56

Carrier–bitumen drag Symmetric40,69

Solid–bitumen drag Symmetric40,69

Solid–solid drag Gidaspow53,56

Pressure–velocity coupling Phase coupled SIMPLE
Pressure PRESTO
Momentum Second order upwind
Volume fraction First order upwind
Turbulent kinetic energy and
dissipation rate

Second order upwind

Transient formulation Second order implicit
Carrier fluid shear condition No-slip
Bitumen shear condition No-slip
Carrier viscosity Casson viscosity model68

Time step 0.01 s
Number of time steps 20 000

TABLE VI. Material parameters and boundary conditions used in CFD simulations.

Parameter value

Pipe diameter (m) 0.74
Pipe length (m) 105
Particle diameter (lm) 75 and 700
Density of the particle (kg=m3) 2650
Carrier density (kg=m3) 1335
Bitumen viscosity (Pa s) 20
Casson viscosity lc (Pa1=2 s1=2) 0.0035 (Ref. 68)
Yield stress, sy (Pa) 0.0016 (Ref. 68)
Fraction packing limit 0.60 (Ref. 40)
Angle of internal friction 30 (Ref. 40)
Particle–particle restitution coefficient 0.90 (Refs. 36 and 70)
Particle–wall specularity coefficient 0.20 (Ref. 71)

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 35, 013340 (2023); doi: 10.1063/5.0132129 35, 013340-6

Published under an exclusive license by AIP Publishing

 05 M
arch 2024 21:31:26

https://scitation.org/journal/phf


step size. Therefore, the transient formulation is discretized using the
second-order implicit scheme.

In the present study, density, body forces, granular tempera-
ture, turbulent kinetic energy, turbulent dissipation rate, and turbu-
lent viscosity relaxation factors are concurrently maintained at
their default values of 1, 1, 0.2, 0.8, 0.8, and 1, respectively. The rela-
tive error between two successive iterations was specified by using a
convergence criterion of 10�4 for each scaled residual component.
The residual components are continuity and momentum compo-
nents for the carrier liquid, solid-1, solid-2, bitumen, and bubble. In
addition to continuity and momentum, k, epsilon, and volume frac-
tion of solid-1, solid-2, bitumen, and bubbles, the gravitational
acceleration g ¼ �9:8m2=s is considered in the Y-direction. Time
step sensitivity is also investigated from 0.0001 s to 0.01 by compar-
ing the velocity profiles, and there is no change in the results.
Therefore, for all the cases, a fixed time step 0.01 s is considered for
this study.

All the simulations are performed in the high-performance com-
puting (HPC) facility at Compute Canada Ceder cluster with 44
CPUs, and the simulations are solved for 20 000-time steps for the
period of 200 s flow time. After reaching 100 s most of the simulation
reached a steady state. However, all simulations are run for 200 s to
obtain accurate and reliable data. A relatively long period of time that
ensures the flow has reached a steady state. All the results are analyzed
at Z¼ 90 m by drawing a cross-sectional YX plane and distribution
profiles are analyzed, creating a vertical reference line middle of the
YX plane.

B. Gird independence study

The first grid independence study is conducted to understand the
mesh density on flow characteristics, as depicted in Figs. 2(b)–2(d).
Three different meshes, such as, coarse, fine, and extra fine meshes,

are examined to ensure good quality computations and convergence
of the models. The number of nodes for coarse, fine, and extra fine
meshes are 1 68 682, 3 39 500, and 5 27 253, respectively. To ensure the
accuracy of a computational model, the average mesh quality is veri-
fied based on the skewness from 0.72 to 0.94 for three meshes. To cap-
ture the near-the-wall effect, 30 boundary layers are considered. The
3D computational structured mesh is portrayed in Fig. 2(e). The veloc-
ity profiles along the vertical reference line are analyzed at Z¼ 100 m
for all the cases. Figures 2(f) and 2(g) results demonstrated that fine
and extra fine mesh results are almost identical for velocity profile and
solids concentration profiles. Therefore, the fine grid and the number
of nodes are sufficient to capture the flow physics accurately. The yþ

values are also monitored for the fine grid, the maximum yþ for the
second phase is 0.063, and for the mixture phase 4.27, which clearly
shows that the grid is fine enough near the wall.

C. Drag models and particle size sensitivity analysis

The momentum exchange between the two dispersed phases,
viz., droplets and solid phases, have to be taken into account for CFD
simulation of three-phase and four-phase flows since the droplets/
bubbles tend to follow in the slurry system like a fluid phase. The
selection of appropriate drag models is also essential for multiphase
modeling.60 To study the sensitivity of drag models between
carrier–bitumen and solid–bitumen, drag models are carefully studied.
In the open literature, different drag models are available such as
Schiller–Naumann,72 Morsi–Alexander,73 Symmetric,40 Grace et al.,74

Takamasa and Tomiyama,75 and Ishii.76

Figure 3(a) demonstrates the velocity profile data comparison
with field data for different carrier–bitumen drag models. It is interest-
ing to note that all the selected drag models showed similar trends
with the field data. In contrast, symmetric drag models showed better
prediction than other models, with a maximum deviation of 2.71% in

FIG. 3. Comparison of a velocity profile
for different (a) carrier-bitumen drag mod-
els, (b) solid-bitumen drag models, and (c)
combination of particle sizes. Group-1:
200 and 500 lm, Group-2: 200 and
700lm, Group-3: 75 and 500 lm, and
Group-4: 75 and 700lm. (d) Bitumen
droplet size. All the properties are consid-
ered for case-A, from Table I.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 35, 013340 (2023); doi: 10.1063/5.0132129 35, 013340-7

Published under an exclusive license by AIP Publishing

 05 M
arch 2024 21:31:26

https://scitation.org/journal/phf


terms of average velocity deviation. There is a distinct difference
between the drag model predictions at the bottom and the top of the
pipe. Notably, the average velocity deviation is two times greater than
the symmetric drag model.

Since the two dispersed phases are assumed to be continua in our
system, it is necessary to model the drag force between the solid par-
ticles and droplets/bubbles in the same way as the primary–secondary
phases. The drag model between the solid–bitumen (i.e., drag models
between secondary phases) is comprehensively studied as shown in
Fig. 3(b). Even though all the drag models showed similar agreement
with the field data, the results are further analyzed based on the pres-
sure drop and compared with field data as listed in Table VII. The
symmetric drag model exhibited trustworthy prediction in terms of
velocity profile agreement and pressure drop. Therefore, the symmet-
ric drag model is considered between the carrier–bitumen and solid-
bitumen in this study. The most popular Gidaspow et al.56 drag model
is used between the carrier–solid and solid–solid phase. A recent study
of Sadeghi et al.53 also successfully demonstrated the applicability of
Gidaspow et al.56 drag model prediction in a slurry system.

Furthermore, the effect of particle size combination and bitumen
droplet is also comprehensively investigated. Simulating the whole
particle sizes is challenging due to computational time and conver-
gence issues with E–E–E multifluid models. To simplify the computa-
tional model, two solid particles are considered by covering the whole
range of particle sizes. Small and larger particles are considered in dif-
ferent combinations to cover the full PSD range. Figure 3(c) shows the
velocity profile field data agreement with a range of particle size com-
binations. The CFD prediction revealed that group-4 in combination
with smaller particle size 75lm and coarse particle size 700lm
showed excellent agreement with field data measurements, and the
corresponding pressure drop is also found to be good in agreement.
The considered particle size combination with the smaller particle size
of 75lm and the coarse particle size of 700lm represents the general
oil sand tailing system. These results also indicate small and large par-
ticle combinations are more likely to describe the tailings composi-
tions. Therefore, based on the velocity profile and pressure drop data
(Table VIII comparison with the field data), group-4 particle size com-
bination (i.e., solid 1–75lm and solid 2–700lm) is considered for fur-
ther investigations. For simplicity, solid 1 and solid 2 are referred to as
S1 and S2. The influence of bitumen droplet size is also investigated

for ranges from 100 to 400lm based on the literature data.77,78 Figure
3(d) revealed that trends are identical for all the considered cases.
Therefore, on the basis of a comprehensive analysis of the velocity pro-
file and pressure drop agreement with the field data, the bitumen
droplet size is chosen as 400lm in the present study. The maximum
average error percentage is 5.80, which is a highly acceptable range. It
is also worth noting that in the experimental measurements, the mea-
sured velocity data corresponds to the total mixture velocity. On the
one hand, numerical diffusion and model assumptions are also
responsible for the deviation. However, the developed E–E model dis-
plays each phase velocity rather than the mixture velocity. This is also
another possible reason for the deviation with field data.

D. Model validation with field data

To demonstrate the accuracy of the developed CFD model, the
model forecasts are examined with six sets of field data of velocity dis-
tribution and pressure gradient. Figures 4(a)–4(f) provides an over-
view of the comparison between the CFD-predicted velocity
distribution and the measured ones at the field for six different sets.
The comprehensive CFD model is established by carefully considering
all the sensitivity investigations and model parameters discussed in
Sec. IVC. The CFD model predictions are found to be in excellent
accordance with the carrier fluid velocity field data. For all the cases,
the maximum average velocity error is lower than 5%. The maximum
error is found near the bottom wall for all the cases. This might be due
to the accumulation/dynamics of coarse solid particles at the bottom
wall. On the other hand, measuring the accurate field data is also chal-
lenging due to bed formation at the bottom wall. However, the CFD
model agreement showed excellent agreement with other data points.

Furthermore, the adequacy of the developed multiphase CFD
model and the reliability of the prediction are also analyzed by the
comparison of the CFD model predicted the pressure gradient and
field data from the industrial pipeline, as portrayed in Fig. 5. The CFD
model prediction demonstrated exceptional agreement with field data
with a maximum error lower than 10%, indicating the CFD model
efficacy. The magnified view of the six data sets agreement is also dis-
played in Fig. 5. In summary, the developed CFD model established
the accuracy of forecast with field data in terms of velocity field and
pressure drop for different sets of data. As a result, the developed CFD

TABLE VII. A comparison of velocity and pressure error percentages for different
drag models.

Model

Average velocity
error %

Pressure drop
error %

Carrier–
bitumen

Solid–
bitumen

Carrier–
bitumen

Solid–
bitumen

Schiller–Nauman72 5.84 5.78 1.28 4.69
Moris–Alexander73 5.85 5.80 1.26 3.77
Symmetric40 2.71 5.62 4.86 4.20
Grace74 5.84 5.81 1.16 3.40
Tomiyama75 5.84 5.79 1.28 2.83
Ishi–Zuber76 5.58 5.14 1.25 9.20

TABLE VIII. A comparison of velocity and pressure error percentages for bitumen
droplet and particle size combinations.

Study Size (lm)

Average
velocity
error %

Pressure
drop

error %

Particle
combination

Group-1: 200 and 500 5.36 4.86
Group-2: 200 and 700 3.11 4.65
Group-3: 75 and 500 4.97 1.30
Group-4: 75 and 700 2.70 0.61

Bitumen
droplet

100 5.81 1.65
200 5.81 1.89
300 5.80 2.24
400 5.78 2.69
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model provides highly reliable predictions for industrial slurry systems
with an acceptable error deviation.

V. PARAMETRIC STUDY
A. Effect of bitumen droplet size

In this section, the effect of bitumen droplet size in a tailing slurry
system is systematically investigated. The influences of bitumen droplet

size on solid particles distribution, velocity, solids, and bitumen profiles are
studied at a fixed operating condition as reported in Table I for case A.
Figure 6 shows the small (i.e., soild-1), coarse (i.e., soild-2), and bitumen
droplet distribution across the pipe at Z¼ 100m.

It is evident from Fig. 6(a) that the solid concentration distri-
bution is completely different for both small and coarse particles. In
the case of small particles, the solid fraction is mainly distributed
from the top of the pipe to the bottom part of the pipe. The coarse
particles are accumulated at the bottom part of the pipe, where the
small particle fraction is minimal. This is mainly due to the gravita-
tional force acting on the large particles that leads to accumulate at
the bottom part of the pipe. Gravitational forces result in particle
distributions being symmetric in the horizontal direction but asym-
metric vertically.

The bitumen distribution is analyzed under the same operating
conditions, and it is found that bitumen droplets are mainly distrib-
uted from top to center of the pipe. This may be due to the fact that
the small bitumen droplets accumulated at the top region in a highly
turbulent flow similar to the small solid particles. In other words, the
interaction force between the solid particles and bitumen droplets also
changes bitumen droplet dynamics in a turbulent flow.

FIG. 4. Comparison of velocity distribution
field data with CFD model results for dif-
ferent cases of (a)–(e). The red circles
represent the CFD predictions, and the
black color represents the field data.
Detailed data on all the fluid properties
and flow conditions for pressure drop vali-
dation are provided in Table I.

FIG. 5. Parity plot of pressure drop comparison with CFD predictions. The magni-
fied view shows CFD vs field data points with an error of less than 10%. Detailed
data on all the fluid properties and flow conditions for model validation are provided
in Table I.
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The solid particle distribution with an increase in the bitumen
droplet size from Bd¼ 100 to 400lm is almost identical to the qualita-
tive observation, as shown in Figs. 6(b)–6(d). For all the cases, the
coarse particle concentration is relatively higher at the bottom part of
the pipe. As a result, the dynamics of coarse particle motion are rela-
tively low at the bottom due to an increase in the particle–particle and
particle–wall friction in the bottom region. The degree of asymmetry
in the coarse particle distribution increases with increasing bitumen
droplet size because the particle–bitumen interactions are more signifi-
cant, as shown in Fig. 6(d). Therefore, the velocity in the bottom
region is lower than the center and top part of the pipe compared to
the low solid concentration region. However, with an increase in the
bitumen droplet size, the bitumen concentration accumulated in a spe-
cific smaller region at the top part of the pipe. Moreover, this observa-
tion indicated that small size bitumen droplets distributed across the
pipe are similar to small solid particles. However, this phenomenon is
different when bitumen droplet size increases from 100 to 400lm.

This is mainly due to the amount of bitumen fraction in the domain
being the same for all the conditions. Therefore, a larger bitumen accu-
mulation is observed at the top region in contrast to a smaller bitumen
droplet observation.

To determine the influence of bitumen droplet size on the flow
characteristics, such as velocity and chord-average total solid concen-
tration, bitumen distribution profiles are analyzed at Z¼ 100 m across
the pipe as shown in Figs. 7(a)–7(c). All the flow profiles are analyzed
at the centerline of the pipe from the bottom to the top. Figure 7(a)
indicates that the maximum velocity magnitude is observed at the cen-
ter of the pipe, and velocity gradually decreases from the center of the
pipe to the bottom and top with an increase in bitumen droplet size,
the change in the carrier velocity profile is minimal. Numerical pre-
dicted carrier velocity profile trends also corroborated with the find-
ings of slurry flow systems in pipelines from the study by Wang
et al.79 and Bordet et al.80 This observation may be due to the low bitu-
men fraction for all the cases. The influence of bitumen droplet size on

FIG. 6. The contour of solid-1, soild-2, and bitumen distribution across the pipe at Z¼ 100 m for different droplet sizes. (a) Bd¼ 100lm, (b) Bd¼ 200 lm, (c) Bd¼ 300 lm,
and (d) Bd¼ 400lm at a fixed bitumen fraction of 0.0025 and operation conditions.
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the initial bitumen concentration range may not be enough to alter the
velocity profile characteristics. This suggests that the change in second-
ary phase droplet size has a minimal effect on the velocity profile.

Figure 7(b) represents the chord-average total solid concentration
profiles for different bitumen droplet sizes. From the profiles, the
effects from bitumen droplet size are negligible on the concentration
profiles, as shown in Fig. 7(b). The concentration gradient near the
pipe bottom is higher compared to the pipe top region. A similar
observation is reported in the bimodal particles in both experimental
and numerical simulations.21,36,37,81 This may be due to solid particle
accumulation at the bottom part of the pipe, and particle momentum
is relatively low compared to the center of the pipe.

Figure 7(c) depicts the bitumen distribution along a vertical line
at a constant bitumen fraction in different bitumen droplet sizes. The
bitumen profiles display that with an increase in the bitumen droplet
size, the bitumen composition is relatively increased at the top part of
the pipe. However, the bitumen fraction gradually decreases until the
middle of the pipe. This implies that bitumen droplet size significantly
influences the distribution of bitumen. The bitumen distribution is
almost identical for all the considered ranges of bitumen droplet size
at the middle of the pipe. In the case of larger bitumen droplets, the
bitumen fraction considerably lowered compared to smaller droplets
at the bottom of the pipe. This is because the coarse particles mainly
accumulated at the bottom of the pipe, where the second phase inter-
acts with coarse particles. This can result in smaller bitumen droplets
being trapped between the particles in the bottom regime. This might
be a consequence of the greater role played by particle–particle and
particle–bitumen droplet interactions at the bottom part of the pipe.

Figure 7(d) shows the frictional pressure drop for different bitu-
men droplet sizes. Results show that increasing bitumen droplet size
results in a decrease in pressure drop. However, the change pressure
drop is not prominent for the considered range of bitumen droplet
size and operating conditions. In the case of smaller bitumen droplets,

the interaction between secondary phases significantly contributes to a
higher pressure drop due to the distribution of small particles and
bitumen droplets from the top part of the pipe to the bottom part. In
addition, the interaction between particle–particle also contributes to
increased pressure drop.

B. Effect of bitumen fraction

To investigate the effect of bitumen fraction in tailing slurry sys-
tems, different bitumen compositions are considered from 0.0025 to
0.01, which is typically an industrial bitumen fraction range in tailing
residuals. Figure 8 shows the solid particles and bitumen droplet distri-
bution of contour plots for different bitumen fractions. The obtained
numerical results reveal that for lower bitumen fraction conditions,
small particles are distributed evenly from the top part of the pipe to
the center of the pipe, as shown in Fig. 8(a). The concentration of fine
particles gradually increases in the bottom half of the pipe, and the
asymmetry of the fine particle concentration profile along the vertical
direction decreases. The gravitational force acts on coarse particles,
causing most particles to accumulate at the bottom of the pipe. It is
evident from top to center that the coarse fraction is minimal, while
bitumen droplets and small particles are distributed throughout the
pipe.

An increase in the bitumen fraction showed a negligible impact
on the small particle distribution across the pipe at Z ¼ 100m as
shown in Figs. 8(b)–8(d). The variation in coarse particle distributions
is qualitatively similar to an increase in the bitumen fraction, but the
distribution of coarse particles height from the bottom to the top part
of the pipe slightly decreased as expected. In other words, the solid
concentration is nearly constant in the horizontal direction, and a
noticeable variation in the vertical direction is observed as the bitumen
fraction increases. The results indicate that coarse particle fraction dis-
tribution increases when bitumen fraction increases. This may be due

FIG. 7. Effect of bitumen droplet size on
(a) velocity profiles, (b) chord-average
total solid concentration profiles, (c) bitu-
men distribution plots, and (d) pressure
drop at a fixed bitumen fraction of 0.0025
and operation conditions.
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to an increase in the viscosity of the slurry system compared to the
lower bitumen composition. However, the change in coarse solid (i.e.,
solid-2) fraction distribution clearly evident from Figs. 8(a) and 8(d).
Notably, the concentration profile of fine particles displays a distribu-
tion trend opposite to that of coarse particles with an increase in bitu-
men droplet size.

Figures 8(a)–8(d) contours also show the bitumen fraction distri-
bution across the pipe at Z ¼ 100m by altering the initial bitumen frac-
tion up to 0.01. The bitumen distribution is significantly higher above
the pipe center and gradually decreases from the center to the bottom
part of the pipe. With an increase in the bitumen fraction, the results
demonstrate the presence of bitumen droplets at the bottom of the
pipe. The maximum distribution observed for higher bitumen fraction
composition may be due to an increased particle–bitumen interaction
in the domain and also leads increase in coarse particle distribution.

Figure 9 illustrates the quantitative analysis of flow profiles and
pressure drop for different bitumen fraction conditions by keeping all
other conditions similar. It can be seen that with an increased bitumen
fraction carrier velocity profile slightly changed due to the change in

viscosity of the slurry system and particle–bitumen interactions. The
presence of a higher bitumen fraction corresponds to more bitumen
droplets in the slurry system due to higher turbulence characteristics.
As a result, the velocity magnitude is relatively higher in the center of
the pipe for a higher bitumen fraction compared to other conditions.
However, the velocity profiles reveal that top and bottom parts of the
pipe, the velocity distribution is more symmetrical, as shown in Fig. 9(a).

In Fig. 9(b), the chord-averaged solid fraction is presented to
evaluate the effect of the bitumen fraction. The results indicated that
the solid fraction profile gradually decreased from the top part of the
pipe to the bottom part. As stated earlier, the gravitational force acting
on coarse particles leads to accumulation at the bottom of the pipe
along with small particles due to particle–particle interactions. It is
worth noting that the solid fraction distribution slightly decreased
near the wall with an increase in the bitumen fraction. This is in
accord with the solids fraction distribution information across the pipe
at Z ¼ 100m as depicted in Fig. 8. The results show that secondary
phase interactions strongly influence the solid particle distribution in
highly turbulent and viscous flows.

FIG. 8. The contour of solid and bitumen distributions. Bitumen fraction: (a) 0.0025, (b) 0.005, (c) 0.0075, and (d) 0.01 at a fixed bitumen fraction 0.0025 and a bitumen droplet
size of 400lm.
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Figure 9(c) provides an analysis of the bitumen distribution for
different ranges of bitumen fractions. It is found that with an increase
in the bitumen fraction, the distribution is more homogeneous in the
system. However, for smaller bitumen fraction cases, a noticeable dif-
ference is observed in the bitumen fraction profiles from the top to the
bottom of the pipe. In the case of lower fractions, more bitumen is
accumulated at the top part of the pipe due to less interaction between
solid particles and bitumen droplets. However, the bitumen fraction
distribution is significantly lowered at the bottom of the pipe. On the
other hand, for higher bitumen fraction cases, the bitumen distribution
is slightly higher at the bottom of the pipe compared to lower bitumen
fraction cases.

In addition, the pressure drop is also analyzed for all the condi-
tions. Figure 9(d) demonstrates the pressure drop for different bitu-
men fractions by keeping other conditions, and bitumen droplet sizes
are constant. It is profound that the increase in bitumen fraction sig-
nificantly contributes to increase in pressure drop of the system. The
particle–particle interaction and particle–bitumen interactions tend to
concentrate more intensively from the top to bottom part of the pipe.
Another possible explanation for this change in pressure drop is that
the viscosity of the slurry system can also change with bitumen frac-
tion. The increase in pressure drop resulted in an increase in specific
power consumption and eventually more pumping cost in the indus-
trial scale slurry transport in pipelines.

C. Effect of bubble size

This section discusses the influence of gas bubble size in the
slurry system for fixed conditions. Different sizes of gas bubbles are
considered ranging from 5 to 1000lm based on the available experi-
mental data. To understand the effect of bubble size on flow character-
istics, bubble fraction is considered similar to bitumen fraction, as
mentioned in Table I case-A. Figure 10 shows the distribution of

bubbles and bitumen droplets along the Z-length of the channel for
two cases. All the analyses are performed after reaching the stable
flow, and the flow time is at 200 s. The simulation results demonstrate
that the gas bubble gradually moved to the pipe’s top part along the
pipe’s length, as shown in Fig. 10(a). However, it is evident from Fig.
10(b) that the bitumen droplets are uniformly distributed at the inlet,
and the bitumen droplets segregation gradually changes along with the
length of the channel. Due to the smaller contact area between the tiny
bubble and the particle, tiny bubbles attach to particles/droplets more
easily and faster than larger bubbles.28

The evolution of bitumen droplets is relatively high in the middle
of the pipe, where Z¼ 75 m, and the bitumen is distributed from the
top to the bottom part of the pipe. Near the outlet, most of the bitu-
men is accumulated at the top in a specific region due to bubble–bitu-
men interactions and particle–bitumen interactions. Importantly, a
similar phenomenon is observed when the bubble size is 1000lm, but
the gas bubbles are accumulated at the top part of the pipe in one spe-
cific region. Figure 10(c) displays the gradual change in bubble distri-
bution along the length of the channel. The results clearly show that
minimal gas bubble distribution is observed from the center to the bot-
tom part of the pipe, significantly different from the smaller bubble
size case distributions. Recently, experimental work of Rosas et al.82

reported that the smaller dispersed bubbles remain stable in the com-
plex slurry system since the buoyance forces are not sufficient to over-
come the turbulent forces when the bubble diameter is sufficiently
small. The numerical findings also corroborated with the work
by Rosas et al.82 for different bubble sizes as shown in Figs. 10(a) and
10(c). In other words, the gravitational force that acts on the small
bubbles is negligible compared to large-size bubbles. In the case of
large-size bubbles, the buoyance forces are more prominent to over-
come the turbulence forces. The bitumen distribution trend for a
larger bubble is very similar to the 5lm bubble case, as displayed
in Fig. 10(d).

FIG. 9. Effect of bitumen fraction on (a)
velocity profiles, (b) chord-average total
solid concentration profiles, (c) bitumen
distribution plots, and (d) pressure drop at
a fixed bitumen fraction of 0.0025 and a
bitumen droplet size of 400lm.
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To further understand the influence of gas bubbles, flow profiles,
and pressure drop are quantified, as shown in Fig. 11. For all the
cases, carrier velocity profiles showed a negligible change as shown in
Fig. 11(a). It can be seen from Fig. 11(b) that for all the cases, chord-
average total solid concentration profiles are similar. This suggests that
bubble size has a negligible effect on solid concentration profiles for
the considered range of bubble fractions. It is imperative to mention

that concentration profiles are similar, but small and coarse particle
distributions may differ for similar conditions.

Figure 11(c) depicts the bitumen distribution profiles at the cen-
terline of the plane for different bubble sizes. It is qualitatively percep-
tible that the amount of bitumen is relatively higher for larger bubbles
and gradually to a minimum value. It is worth noting that the bitumen
distribution profiles are similar for both 500 and 1000lm bubble sizes.

FIG. 11. Effect of bubble size (a) velocity
profiles, (b) chord-average total solid con-
centration profiles, (c) bitumen distribution
plots, and (d) pressure drop under fixed
operation conditions. Bs denotes the bub-
ble size.

FIG. 10. (a) Bubble distribution and (b)
bitumen distribution for 5 lm bubble
size. (c) Bubble distribution and (d bitu-
men distribution for 1000lm bubble
size at a fixed bitumen and bubble frac-
tion 0.0025 and bitumen droplet size
400lm.
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However, it is important to notice that for smaller bubble sizes 5 and
50lm case, the amount of bitumen is lower at the pipe’s top part com-
pared to larger bubbles. Booth83 also reported a similar observation on
the role of these tiny bubbles in accelerating particle–bubble/droplet
attachment and improving recovery. Therefore, the bubble size also
plays a significant role in the bitumen distribution in the pipe for effi-
cient recovery. Notably, this finding indicated a strong synergy between
bubbles and particles/bitumen droplets. On the other hand, the pressure
drop decreased with an increase in bubble size, as shown in Fig. 11(d).

D. Effect of bubble fraction

This section demonstrates the effect of bubble formation on the
pipeline’s bitumen and gas bubble distribution. Numerical simulations
are conducted at bubble fractions ranging from 0.0025 to 0.03 by con-
sidering the fixed bubble size of 500 lm and bitumen droplet size of
400lm. Figure 12 shows the influence of bubble fraction on the carrier
velocity, bitumen, and bubble distribution along the flow directions. It
can be seen from Fig. 12(a) that the carrier velocity distribution gradu-
ally changed toward the outlet. The carrier velocity profile reaches sta-
ble flow and developed flow profile conditions after reaching critical
length Z¼ 75 m.

The maximum velocity distribution is at the center of the pipe
after reaching the critical length. The particle–particle collision and
turbulent dispersion of particle clusters near the top wall result in a
steep velocity gradient from the wall to the center region. In line with

previous observations, the maximum amount of bitumen is accumu-
lated on the top part of the pipe, and the distribution gradually
decreases from the top to the bottom part of the pipe as displayed in
Fig. 12(b). Gas bubbles also accumulated at the upper part of the pipe
in a specific region, as shown in Fig. 12(c). In contrast, with an
increased bubble fraction, the carrier velocity distribution is shifted to
the bottom side of the pipe, and the upper portion velocity magnitude
range is relatively low. It could be attributed to an increase in bubble
fraction since bitumen, bubbles, and fine particles are accumulated in
the upper region, as demonstrated in Fig. 12(d).

Similar to the results from smaller bubble fractions, with an
increase in bubble fraction under fixed conditions, the bitumen and
bubble distribution are identical with a change maximum fraction range
at the upper part of the pipe. The higher number of bubbles in the
domain is due to a change in bubble fraction. Consequently, the higher
number of bubbles critically impacts the bitumen accumulation at the
top part of the pipe, as depicted in Fig. 12(e). It is evident from Fig. 12(f)
that the bubble distribution is significantly different from the smaller
bubble fraction case. With an increased bubble fraction, most bubbles
are accumulated at the top and distributed to the center of the pipe.
Figures 13(a)–13(d) also shows the three-dimensional view of particle
and bitumen distribution across the different cross sections from the
inlet to the outlet. It can be observed from Fig. 13(a) that small particle
accumulation reached a stable flow pattern, and also along the length,
coarse particle accumulation increased until Z¼ 100 m [Fig. 13(b)]. The
corresponding small particle velocity developed a fully developed flow

FIG. 12. (a) Carrier velocity distribution, (b) bitumen distribution, and (c) bubble distribution for the bubble fraction of 0.0025 at a fixed bubble size of 500 lm. (d) Carrier veloc-
ity distribution, (e) bitumen distribution, and (f) bubble distribution for the bubble fraction of 0.03 at a fixed bubble size of 500 lm.
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condition near the outlet, as shown in Fig. 13(c), and turbulence kinetic
energy also slightly increased along the flow direction [Fig. 13(d)].

Figure 14(a) demonstrates the effect of bubble fraction on carrier
velocity profile across the vertical centerline for different bubble frac-
tion conditions. A change in velocity profiles is observed with an
increase in bubble fraction from 0.0025 to 0.03. At a higher bubble
fraction, the carrier velocity profile is shifted slightly downward for the
channel, and the velocity magnitude is relatively higher at the bottom
part of the pipe. This is mainly due to the number of gas bubbles and
bitumen droplets being greater at the top part of the pipe, which leads
to a higher velocity magnitude at the bottom part of the pipe. For dif-
ferent bubble fraction conditions, Fig. 14(b) shows similar trends in
solid volume fraction profiles. With an increase in bubble fraction, the
top part of the pipe solids concentration decreased compared to condi-
tions with a lower bubble fraction. Specifically, this is due to a higher
concentration of bubbles and bitumen droplets.

Subsequently, the frequency of random collision increases during
the movement of bubbles and droplets along with small particles to the
top part of the pipe. The accumulation of particles with droplets and

bubbles enhances the interactions and promotes the distribution of bitu-
men at the top part of the pipe. As displayed in Fig. 14(c), bitumen pro-
files appear significantly altered with higher bubble fractions. Higher
bubble fractions result in maximum bitumen accumulation and a linear
decrease in the bitumen profile from top to bottom. At higher bubble
fractions, the number of gas bubbles is comparatively higher, and the
frequency of bubble–bitumen interactions is also accelerated, which
causes bitumen to accumulate at the top of the pipe. The pressure drop
with a higher bubble fraction, as shown in Fig. 14(d).

To understand the influence of gas bubble size and fraction on
bitumen recovery, for all the systematic numerical investigations, bitu-
men recovery is estimated at Z¼ 100 m. A vertical centerline is con-
sidered on the cross section plane, and bitumen fraction recovery is
estimated at different levels from top to bottom of the pipe specified in
Table IX. The bitumen recovery is found to increase with increased
bitumen droplet size, and from the top to the middle of the pipe, the
maximum bitumen recovery is approximately 55%. However, the bitu-
men recovery greatly improved to approximately 80%. The optimum
bitumen droplet size of 400lm showed maximum bitumen recovery
for the considered operating conditions. The higher bitumen fraction
negatively impacted bitumen recovery from 54.32% to 51.35% for the
top 50% cross section. Thus, the optimum bitumen fraction of 0.0025
showed maximum recovery under the fixed operating conditions.

Furthermore, bitumen recovery is also assessed with various gas
bubble sizes, and the optimum bubble size is determined to be
500lm. The maximum bitumen recovery of 59% could be observed
for 500lm, and a subsequent increase in bubble size bitumen recovery
marginally decreased. The bubble fraction showed a significant effect
on bitumen recovery with the bubble size of 500lm. With an increase
in bubble fraction, the bitumen recovery increased from a lower value
of 59%–80%. Therefore, CFD results demonstrate the bubble fraction
plays a critical role in the bitumen recovery for the considered
conditions.

VI. CONCLUSIONS

In this work, we employ a three-dimensional, transient Eulerian
CFD model to study the flow behavior of complex multiphase slurry
systems. Four-phases of non-Newtonian tailings slurry flow with bitu-
men droplets and bubbles in an industrial pipeline are modeled. The
CFD model is validated with industrial field data for six sets in terms
of the velocity profile and pressure drop with a maximum error of 6%
and<10%. A detailed sensitivity analysis is demonstrated on the selec-
tion of carrier–solid and solid–bitumen drag models. The combination
of small and large particle sizes (i.e., 75 and 700lm) and bitumen
droplet size (i.e., 400lm) provided good agreement with field data in
velocity profile and pressure drop.

Our numerical findings reveal that the bitumen droplet size plays
a significant role in the bitumen distribution, and larger droplets accu-
mulate at the top part of the pipe. Bitumen droplet size strongly influ-
ences bitumen distribution profiles. With an increase in bitumen
fraction, solid concentration profiles slightly shifted, and pressure drop
increased. This study revealed that with an increase in bitumen frac-
tion, pressure drop increased, and bitumen distribution profiles also
showed significant differences due to a change in the slurry composi-
tion. However, the coarse particle distribution also changed with an
increase in the bitumen fraction from 0.0025 to 0.01. The results indi-
cates that with an increase in the bubble size, the bitumen distribution

FIG. 13. (a) solid-1 fraction, (b) solid-2 fraction, (c) solid-1 velocity, and (d) turbu-
lence kinetic energy distribution along the Z-direction for the bubble fraction of 0.01
and the bubble size of 500 lm.
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effectively improved, and the optimum bubble size is noted as 500lm.
Higher bubble fractions showed a strong influence on velocity and
concentration profiles. The optimum conditions for higher bitumen
recovery are revealed by CFD results in the pipeline.

The developed CFD model provides a powerful tool for under-
standing the complex multiphase flow behaviors during highly turbu-
lent and viscous slurry transport. Therefore, this work contributes

toward accurate predictions that may guide the process design of
an industrial-scale slurry transport. The outcomes of these studies
are likely to guide conditions for bitumen recovery from tailings
slurries.
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TABLE IX. Bitumen recovery summary.

Study
Parameter
range

Bitumen recovery percentage

Top 25% Top 50% Top 75%

Bitumen
droplet size
(lm)

100 27.70 52.68 78.15
200 27.91 52.93 78.39
300 28.34 53.49 78.90
400 28.98 54.32 79.66

Bitumen
fraction

0.0025 28.98 54.32 79.66
0.005 27.31 51.91 77.13
0.0075 27.06 51.54 76.76
0.01 26.93 51.35 76.57

Bubble size
(lm)

5 27.97 52.75 78.24
50 30.36 55.82 81.04
500 32.78 59.03 83.22
1000 32.80 58.70 82.43

Bubble
fraction

0.0025 32.78 59.03 83.22
0.01 39.72 68.52 90.64
0.02 45.65 76.22 95.78
0.03 49.32 80.51 97.68

FIG. 14. Effect of the bubble fraction on
(a) velocity profiles, (b) chord-average
total solid concentration profiles, (c) bitu-
men distribution plots, and (d) pressure
drop under fixed operation conditions.
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NOMENCLATURE

Cfr friction coefficient between solid phases (–)
Cv chord-averaged concentration (–)
D pipe diameter (L)
dp particle diameter (L)
e restitution coefficient (–)

fdrag drag function (–)
g gravitational acceleration (L T�2)
g0 radial distribution function (–)
i hydraulic gradient (–)

I2D second invariant of the deviatoric stress tensor (–)
k turbulent kinetic energy (L2 T–2)

Kls momentum exchange coefficient between fluid
p locally-averaged pressure (M L�1 T�2)
R pipe radius (L)
t time (T)
v velocity (L T�1)
V velocity (L T�1)

jj~v0sjj fluctuating solids velocity (L T–1)
x horizontal coordinate (L)
y vertical coordinate (L)
z axial coordinate (L)

DP area-averaged gauge pressure (M L�1 T�2)

Greek symbol

a locally-averaged volume fraction (–)
as;max maximum packing limit (–)

_c shear strain rate (T–1)
cHs

collisional dissipation of energy (E)
g apparent viscosity (M L–1 T–1)
gt turbulent diffusivity (–)
H granular temperature (L–2 T–2)
l dynamic viscosity (M L�1 T�1)
q density (M L�3)
s shear stress (M L–1 T–2)
u angle of internal friction (–)
/ls the energy exchange between the fluid and the solid

phases (E)

Subscripts

col collisional part of viscosity
fr frictional part of viscosity

kin kinetic part of viscosity
l liquid
p pth solid phase
q qth solid phase
s solid
ss solid particles
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