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Abstract Chemical, petroleum and nuclear systems are only a few of
the industrial processes that utilize gas-liquid flow in annular closed chan-
nels. However, concentric horizontal annuli flow patterns have received little
attention. The ability to precisely characterize two-phase flow patterns us-
ing computational techniques is crucial for the production, transportation,
and optimization of designs. This current research aims to establish the ac-
curacy of the computational fluid dynamics (CFD) model in predicting the
gas-liquid flow pattern in the concentric annulus pipe and validating the
flow pattern of liquid holdup with experimental results from the literature.
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The simulations were done on a test section of a 12.8 m length pipe with
a hydraulic diameter of 0.0168 m using air and water as the working fluids.
The volume of fluid (VOF) model in Ansys Fluent based on the Eulerian-
Eulerian approach in conjunction with the realizable k-ε turbulence model
was used to model the gas-liquid flow pattern, i.e. dispersed bubble, elon-
gated bubble, and slug in a horizontal annulus. A comparison of the model
with the experimental high-speed video images shows a reasonable agree-
ment for the flow pattern and liquid holdup data.

Keywords: Elongated bubble flow; Gas-liquid two-phase flow; Liquid holdup; PDF;
Annulus pipe; CFD modelling

Nomenclature
Cl – lift coefficient
Cwl – wall lubrication coefficient
D – pipe diameter, m
F – external body force, N
F⃗lift – lift force
F⃗td – turbulence dispersion force
F⃗wl – wall lubrication force
F⃗νm – virtual mass force
f – drag function
Gb – generation of turbulence kinetic energy due to buoyancy
Gk – generation of turbulence kinetic energy due to mean velocity gradients
g⃗ – gravitational acceleration, m/s2

Kpq = Kqp – interface exchange coefficient
ṁpq – mass flow rate from q to p phase, kg/s
n⃗w – unit normal vector pointing away from the wall
P – pressure, Pa
PDF – probability density function
R⃗pq – interactive force term between gas and liquid phase
Re – Reynolds number
u, V – fluid velocity, m/s
VSL – superficial liquid velocity, m/s
VSG – superficial gas velocity, m/s
V⃗pq – inter-phase velocity dependent on the mass flow rate
v – volume, m3

X – volume fraction
YM – contribution of the fluctuating dilatation in compressible turbulence

to the overall dissipation rate
y+ – distance of the first grid cell, m

Greek symbols
ε – turbulent dissipation rate
µ – dynamic viscosity, Pa s
k – turbulent kinetic energy
ρ – density, kg/m3
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σk – turbulent Prandtl number for k equation
σε – turbulent Prandtl number for ε equation
τ – stress-strain tensor

Subscripts

i – inner
o – outer
q – q-th phase
p – p-th phase
L, l – liquid
G, g – gas
SL – superficial liquid
SG – superficial gas

Acronyms

CFD – Computational Fluid Dynamics
FSI – Fluid Structure Interaction
LIF – Laser-Induced Fluorescence
PIV – Particle Image Velocimetry
RANS – Reynolds-Average Navier-Stokes
RSM – Reynolds Stress Model
SIMPLE – Semi-Implicit Method for Pressure Linked Equation
VOF – Volume of Fluid
3D – 3 Dimensional

1 Introduction

The transportation of two-phase media such as liquid-liquid or gas-liquid
flow is common in many industries, including the chemical, nuclear, oil, and
gas industries. In oil and gas facilities, flow parameters like flow pattern,
liquid holdup, and pressure drop are observed and must be precisely pre-
dicted when constructing production systems as well as maintaining and
running downstream facilities. These parameters enhance a reliable design
for a two-phase flow pipeline and engineers can develop pipeline opera-
tion in the best possible way by having a thorough knowledge of the flow
characteristic being demonstrated in a domain. Flow patterns or regimes
in two-phase flow refer to the different types of fluid behaviour that can
occur when two immiscible fluids (e.g., gas-liquid, liquid-liquid, etc.) flow
together in a pipeline and disperse into different regions within the conduit.
The flow pattern is influenced by a number of factors such as pipe geome-
try [1,2], fluid parameters [3–5], and the conditions of flow, which influence
the flow pattern or regime [6]. The work of Ekberg et al. [7] studied the
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impact of pipe geometry in a narrow horizontal annulus where the flow
pattern was tested on two different annuli. The first pipe geometry has an
inner diameter (Di) and outer diameter (Do) of 0.0066 m and 0.00863 m,
respectively, while the second pipe geometry has an inner diameter (Di)
and outer diameter (Do) of 0.03315 m and 0.0352 m, respectively [7]. Plug,
slug, distributed bubble, churn, and other hybrid regimes were among the
outcomes they got in their studies.

Numerous studies have been undertaken throughout the years to under-
stand and gain more insight into the flow characteristics in these channels
because of the significance of two-phase flow in annuli. Previous studies
have shown that the centre pipe’s flow obstruction causes the flow struc-
ture in the annuli configuration to differ from that of circular pipes [8, 9].
Additionally, compared to vertical flow, the gravitational effect causes the
annulus with horizontal geometry to exhibit more complex flow behavior,
thus, various flow regimes have distinct characteristics [9]. However, flow
characteristics with unrestricted channels have been extensively studied ex-
perimentally [10,11] with the vertical [12,13] and inclined pipelines [14–16].
In horizontal annulus settings, the most common flow regimes captured by
high-speed camera photography are the dispersed bubble, elongated bub-
ble, slug, wavy slug, churn, wavy annular, and annular [8, 17]. Previous
research has demonstrated that annulus eccentricity has an effect on the
shape and structure of the wavy annular, elongated bubble, and annular
flow regimes [8,18]. The transition from elongated bubble to dispersed bub-
ble may occur at high liquid superficial velocities [8]. In comparison, a fully
eccentric annulus, as opposed to a concentric annulus, causes the transitions
between various flow regimes to happen at higher liquid and lower gas su-
perficial velocities [8, 19]. According to other researchers, flows in totally
eccentric annuli have a more well-defined structure than concentric annuli.
However, the concentric annulus results in a greater pressure drop than
the fully eccentric annulus [20]. Abdulkadir [2] presented an experimental
and numerical investigation of gas-liquid flow in 90-degree curved pipes.
The study aims to understand the effects of curvature on flow behaviour,
including flow patterns, pressure drop and liquid holdup. The experiments
were conducted using air and water as the gas and liquid phases, respec-
tively. Different flow patterns, such as stratified flow, wavy stratified flow,
and annular flow were observed in the curved pipes for different gas and
liquid flow rates. The pressure drop and liquid holdup are measured and
compared with the predicted values found from existing correlations. In ad-
dition to the experimental work, numerical simulations using the commer-
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cial CFD software Star-CCM+ [20] were performed to gain further insights
into the gas-liquid flow behaviour in the curved pipes. The simulations use
the Eulerian-Eulerian approach to model the two-phase flow and the k-ε
turbulence model to account for turbulence effects. The CFD results show
good agreement with the experimental data for the flow patterns and pres-
sure drop. The simulations also provide detailed information on the velocity
and turbulence fields, revealing the complex flow behavior near the bend
region [2]. Friedemann et al. [21] carried out a numerical study on the two-
phase flow at 0–40◦ inclination in an eccentric annulus. They implemented
the k-ω turbulence model with VOF in the Open FOAM solver [20]. In
their analysis, they discovered that the horizontal case had a slug and wavy
flow regime. Sultan et al. [22] conducted a CFD study to investigate the
pressure losses and deposition velocities in horizontal annuli with different
geometries and particle sizes. The study used Ansys Fluent software [23] to
simulate the flow of air and particles in two different annulus geometries,
namely a concentric annulus and an eccentric annulus. The particle size and
the velocity of the air flow were varied to investigate their effects on the
pressure losses and deposition velocities. The results of the study showed
that the pressure losses in the eccentric annulus were higher than those in
the concentric annulus. This was attributed to the presence of a narrow gap
between the inner and outer walls of the eccentric annulus, which caused
a higher resistance to flow and increased turbulence. The study also found
that the pressure losses increased with increasing particle size and air flow
velocity. The study also investigated the effects of different annulus geome-
tries on the deposition velocities. The results showed that the eccentric
annulus had higher deposition velocities than the concentric annulus due
to the increased turbulence and particle-wall interactions in the narrow gap
region. Gouidmi et al. [24] carried out a study on two-phase flow through
an upward vertical concentric annular pipe. They investigated the effect of
different flow conditions such as the gas and liquid flow rates, on the flow
patterns, void fraction distribution and pressure drop. They implemented
the VOF and k-ε turbulence models to simulate the flow, and the numeri-
cal results were validated against experimental data. They found out that
the flow patterns in the annulus pipe were strongly influenced by the gas
and liquid flow rates. The annular flow regime was observed at low gas and
high liquid flow rates, while the dispersed bubble flow regime was observed
at high gas and low liquid flow rates. The study also found that the void
fraction distribution and pressure drop were strongly affected by the flow
conditions and the flow regime. The study concluded that the numerical
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model was able to predict the flow patterns and pressure drop in the annu-
lus pipe reasonably well and provided useful insights into the behaviour of
the two-phase flow in the pipe [24]. Kiran et al. [13] investigated two-phase
flow in a vertical annulus using both experimental and modelling methods.
Their model entails using two turbulence models (realizable k-ε and SST
k-ω models) coupled with the VOF model to simulate the pressure drop,
void fraction and flow regime. Their model predictions and the experimen-
tal result agreed rather well, with a mean error of 20%. Nyong et al. [17]
numerically studied the CFD analysis of the liquid holdup and flow regime
in an annulus section. They implemented the VOF model coupled with the
turbulence model (realizable k-ε) to predict liquid holdup and dispersed
bubble flow patterns. Within the condition studied at VSG = 0.18 m/s and
VSL = 1.94 m/s, they observed the dispersed bubble flow which is com-
posed of tiny gas bubbles dispersed throughout a continuous liquid phase.
Segev et al. [25] worked on slug regime transitions in a two-phase flow in
a horizontal rounded pipe using CFD simulations aimed to investigate the
characteristics of flow pattern transitions between slug and wavy regimes in
gas-liquid two-phase flows. The study used a commercial CFD code Ansys
Fluent to model the two-phase flow in a horizontal round pipe. The volume
of fluid (VOF) method was employed to capture the gas-liquid interface,
while the k-ε turbulence model was used to simulate the turbulence effects.
Their simulation results showed that the flow pattern transition from slug
to wavy regime is primarily affected by the gas superficial velocity and liq-
uid viscosity. The slug-to-wavy transition was found to occur at a lower
gas velocity when the liquid viscosity was increased. Additionally, the sim-
ulations revealed that the transition from wavy to slug regime occurs at a
higher gas velocity as compared to the slug-to-wavy transition.

In addition, it is established that flows in the gas phase are difficult to
mathematically describe [26]. Yunpeng et al. [27] conducted a thorough re-
view of the research on annular two-phase flow in vertical pipes, with a focus
on investigation methodologies and advances in understanding the mecha-
nism. Some of the experimental techniques used to measure the flow regime,
void fraction and film thickness were such as the optical method [28], Laser-
induced fluorescence (LIF) [29, 30], particle image velocimetry (PIV), wire
mesh sensor [31], gamma-absorption technique [32], etc.

Model validation on horizontal annulus configurations and flow regime
features have received relatively little research. The vast majority of descrip-
tions of flow regimes universally relied on experimental evidence [7,8,19,33],
analytical models [34] and mechanistic models [4, 15, 19, 35–37], while the
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flow channel unusual shapes obstructed and deformed vision, making the
experiment difficult. It is important to note that most research done prior to
2000 had limitations on data and application ranges [38]. However, among
the most popular tools used for examining and characterizing flow regimes
in complex geometries are CFD tools. The physics of flow, accessibility
of computational resources, the level of accuracy required, and the time
needed for the solution – all have an impact on the fidelity of the results
and the selection of turbulence model for a CFD problem. The usefulness
of well-known Reynolds-averaged Navier-Stokes (RANS) turbulence mod-
els, that is the k-ε model, k-ω model, and RSM in addition to large eddy
simulation (LES) for steady fluid flow via pipelines has considerably been
investigated in literature [39–42]. This current research aims at establishing
the accuracy of the CFD model in predicting the gas-liquid flow pattern in
the concentric annulus pipe and validating the flow pattern liquid holdup
with experimental results from the literature [8].

2 Model

2.1 Computational geometry

The model was developed using the Ansys 19.0 commercial package [23].
ANSYS 19.0 Workbench [23] offers a user-friendly and intuitive graphical
interface that allows users to access and navigate through different sim-
ulation tools and workflows. It seamlessly integrated with CAD software,
allowing users to import geometries directly from computer-aided design
(CAD) systems and perform simulations on the CAD models. This inte-
gration streamlines the simulation setup process and ensures accurate ge-
ometry representation. It also supports multiphysics simulations, enabling
users to analyse the interactions between different physical phenomena. It
allows for coupling between fluid dynamics, thermal analysis, and more to
accurately model real-world engineering problems. This model was actu-
alized on an HP Intel Core I7 computer with 12 Gigabytes of RAM and
a 4.7 GHz microprocessor. The geometry for the CFD model were prepared
in Ansys 19.0 workbench [23]. The model has two sections. The first section
is made of a stainless steel of length 2 m and the section proceeding the
2 m section is a test section, which is transparent pipe of length 10.8 m as
shown in Fig. 1. The mixtures (gas and liquid) are injected separately into
the test section via an inclined pipe at 90◦ forming a tee section at the be-
ginning of the test section. Figure 1 depicts the geometrical parameters of



712 O.E. Nyong et al.

Figure 1: The side view with dimensions of the test section of the facility.

test section of the facility. Details of experimental setup of the test facility
and representation of the geometrical can be found in the works of Eyo et
al. [8]. Gas and liquid enters the 2 m pipe length through the air and water
inlet port and mixing of the fluid takes place along the 2 m pipe section
before advancing to the inlet section of the annulus. This arrangement is
to allow for fully developed flow along the axial direction as earlier detailed
in the experimental setup [43, 44]. The annulus section is made of pipe in
pipe configuration. This arrangement has two PVC pipes, one with an in-
ner pipe diameter of 0.06 m and the other with an outer pipe diameter of
0.078 m placed concentrically forming hydraulic diameter of 0.0168 m. The
geometric parameters for the simulation is found in Table 1. The fluid used
at the entrance are gas (air) and liquid (water) phase, which are assigned
with velocities called the superficial velocities of gas and liquid respectively.
The phases have been clearly defined with the primary phase as air and
the secondary phase as water. The volume fraction and the density of each
phase were both prescribed at the entrance. The properties of the fluid
used for this simulation is found in Table 2. The pipe roughness height was

Table 1: Geometric parameters for the CFD calculation [1].

Geometrical parameter Value

Outer pipe diameter (m) 0.0768

Inner pipe diameter (m) 0.060

Hydraulic diameter (m) 0.0168

Length of mixing section (m) 2

Length of annulus section (m) 10.8

Wall roughness height (m) 0.000015

Wall roughness constant 0.5
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considered to be 0.000015 m for the wall, while the roughness constant was
taken as 0.5. The gas-liquid phases were maintained at a room temperature
of 15◦C and atmospheric pressure of 101 325 Pa. The superficial gas and liq-
uid velocities for the conditions studied ranges from 0.18 to 0.62 m/s and
0.28 to 1.94 m/s respectively. The time-series of area average liquid hold-up
were recorded from inlet section of the annulus pipe up to about 6 m.

2.2 Mesh distribution and study

The outcome of the simulation relies greatly on the mesh characteristics.
The geometry of the annulus section is a circular pipe. The variation in
mesh construction is one of the primary causes of deviations in flow char-
acterization. Mesh sensitivity is used to describe the dependence of the nu-
merical results on the mesh size used in the simulation. The grid or mesh of
points is used to discretize the domain being simulated such as a fluid do-
main or a solid domain. In a numerical simulation, the results are typically
more accurate as the mesh size is reduced, because a finer mesh captures
more details of the flow or behaviour as being simulated. However, using
a very fine mesh can be computationally expensive and time-consuming,
and may not always be necessary. In this study, a numerical simulation was
run with different mesh densities and comparing the results to determine if
the solutions are significantly affected by increasing the mesh density. This
helps to identify the optimal mesh density to use for this simulation, bal-
ancing accuracy and computational efficiency. The current simulation was
performed by running with a coarse mesh and gradually refining the mesh
until the results converge and are no longer significantly affected by further
refinement. As a result of no-slip condition, the shear flow that develops
near the wall contributes to the instability of the interface and is therefore
essential to the development of the overall flow. Figure 2 shows the top and
side view of the annulus section; it is seen that for the present modelling
a quadrilateral structured mesh was selected and refined near the inner and
outer wall region and reasonably coarser mesh at the central region of the
annulus [45]. The simulation was tested at conditions of superficial veloc-
ities of VSL = 1.94 m/s and VSG = 0.18 m/s, with fluid density for liquid
and gas given as ρL = 998.2 kg/m3 and ρG = 1.225 kg/m3, respectively.
The pressure was taken after the entrance length of 2 m that is at the inlet
of the annulus section.

Figure 3 clearly shows the decline in pressure gradient from 25 kPa to
about 14.7 kPa, where a consistency is maintained at a mesh density be-
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Figure 2: The top and side view of the annulus section.

Figure 3: The mesh sensitivity analysis.

tween 205 000 and 306 000 cells. Further increase in the volume of cells
resulted in no significant change in the pressure gradient (less than 0.4%).
However, the flow solution and the integrated quantities will not be altered
even if the number of mesh cells used to model the flow is increased beyond
this volume of cells. Therefore, the mesh density of 205 000 cells was used
in simulating the flow conditions. The mesh quality recorded an orthogonal
quality of 0.998 which signifies a very good mesh. It is important to note
that mesh sensitivity is just one aspect of the overall numerical simula-
tion accuracy, and other sources of error such as boundary conditions and
numerical scheme were also considered.

The y+ was used as a guide to determine the appropriate wall modelling
strategy to use in the simulation. The y+ value in CFD modelling is deter-
mined by the distance of the first grid cell from the wall of the simulation
domain, typically a solid boundary. The y+ value is a dimensionless param-
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eter used to evaluate the adequacy of the resolution of the near-wall region
of a CFD simulation. It is defined as

y+ = (ρuy)
µ

, (1)

where ρ is the fluid density, u is the velocity of the fluid, y is the size of
the first grid cell. If the y+ value is too high, the first grid cell may not
be able to accurately capture the flow behaviour in the near-wall region,
leading to incorrect or inconsistent results. On the other hand, if the y+

value is too low, the simulation may become computationally expensive or
unstable, as a large number of grid cells would be needed to resolve the
boundary layer. Typically, for this study, a y+ value of 1 was used for wall-
resolved simulations, where the near-wall region was resolved with the grid.
However, a value of y+ > 30 has been the recommended standard for wall-
modelled simulations, where the near-wall region is modelled using the k-ε
turbulence model [23]. In the current work, a y+ above 50 was adopted.
The boundary conditions were specified at the inlet port for water and gas
and at the inlet section of the annulus, while the outlet port was denoted
as the pressure outlet condition. The turbulence was specified in terms of
intensity and hydraulic diameter. The intensity was assumed to be 5%,
while the hydraulic diameter was 0.0168 m in this case. The outlet was
open to the atmosphere and hence the pressure at the outlet boundary was
considered to be 0 Pa (gauge pressure). At the entrance, both the density
and volume fraction of each phase were specified. The fluid properties of
gas and liquid used in the simulation are given in Table 2.

Table 2: Fluid properties for the CFD simulation study.

Density
of liquid

(ρL),
kg/m3

Density
of gas
(ρG),

kg/m3

Dynamic
viscosity
of liquid

(µL),
kg/ms

Dynamic
viscosity

of gas
(µG),
kg/ms

Temperature
of the fluid,

◦C
Pressure,

Pa

Surface
tension

(σ),
N/m

998.2 1.225 0.000894 0.00001821 15 101325 0.07286

2.3 Computational method

The VOF model is based on the Eulerian–Eulerian approach, which is used
in the current CFD simulation. The VOF model works on surface track-
ing methods implemented for immiscible (two-phase) fluids [46]. It can be
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applied for steady or transient tracking of any gas-liquid interface. The VOF
model is effectively used in this work because of its relative simplicity and
low computational cost. The approach of the Eulerian-Eulerian approach is
that it separately solves equations of conservation of mass and momentum
for each phase, however allowing interaction between both phases through
interfacial terms. However, the conservation equations can be derived by
averaging the local instantaneous balance for each phase [47], or the mix-
ture theory method could be applied [48, 49]. If the phase is q then phase
volume vq is given as

vq =
∫

Xq dv, (2)

n∑
q=1

Xq = 1, (3)

where Xq – the volume fraction phase and n signifies the number phases. In
the modelling, ‘q’ and ‘p’ represent the primary phase of liquid and ‘q’ rep-
resents the secondary phase of gas, respectively. Assuming no mass transfer
occurs; the gaseous phase is referred to as a dispersed phase, while the liquid
phase is represented as a continuum, and the governing equations (conti-
nuity and momentum) for the gas phase are given by Eqs. (4)–(5) [50,51]:

∂

∂t
(ρqXq) + ∇ ·

(
ρqXqV⃗q

)
= 0, (4)

∂

∂t

(
ρqXqV⃗q

)
+ ∇ ·

(
ρqXqV⃗qV⃗q

)
= −Xq∇P + ∇ · τ q + ρqXq g⃗

+
n∑

p=1

(
R⃗pq + ṁpqV⃗pq − ṁqpV⃗qp

)
+

(
F⃗q + F⃗lift,q + F⃗td,q + F⃗wl,q + F⃗νm,q

)
, (5)

where ρq is the density of the q-th phase in the solution domain and V⃗q is the
velocity of the q-th phase, P is the pressure shared by the entire phase, τ q is
the q-th phase stress-strain tensor, g⃗ is the acceleration due to gravity, ṁpq

is the mass flow from (q to p) phase, F⃗q is the external body force, F⃗lift,q

is the lift force, F⃗td,q is the turbulence dispersion force, F⃗wl,q is the wall
lubrication force and F⃗νm,q is the virtual mass force which is applied upon
the particle owing to the inertia of the primary mass encountered by the
accelerated particle and if there are droplets entrained constantly between
the ‘q′(gas) and ‘p′(liquid) phases, R⃗pqis an interaction force between the
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gas and liquid phases, V⃗pq is the inter-phase velocity, and it is dependent
on the mass flow rate.

The secondary phase (gas phase) of gas-liquid flows is assumed to form
bubbles and exchange momentum with the liquid through the drag term
as it passes through. The drag term, which dominates all other interfacial
terms, is defined in Eq. (6) as

n∑
p=1

R⃗pq =
n∑

p=1
Kpq

(
V⃗p − V⃗q

)
, (6)

where Kpq = Kqp is the interface exchange coefficient given as

Kqp = XqXpρqf

τq
. (7)

Here f is the drag function dependent on the Reynolds number. In contrast
to the anisotropic drag law employed in this work, the bulk of drag models
are isotropic in nature. This has an advantage over other drag laws in that it
permits higher drag in the normal direction to the interface and lower drag
in the tangential direction to the interface. When calculating the lift force,
consideration is given to the liquid shear field, which acts perpendicular to
the main flow direction and is proportional to the gradient of the liquid
velocity field. Equation (8) gives the lift force in terms of the slip velocity
and the curl of the liquid phase velocity:

F⃗lift,g = −ClρgXg

(
V⃗l + V⃗g

)
×

(
∇ × V⃗l

)
. (8)

Compared to the drag force, the lift force is negligible, but it is significant
for larger bubbles. For the model, the Eötvös number determines the lift
force. This model offers some advantages in the prediction of the bubble
size cross-over point at which particle distortion results in a change in the
lift force sign. The liquid flow rate between the wall and the bubble is less
than that between the bubble and the main flow, which results in the wall
lubrication force. The wall lubrication force equation is written as

F⃗wl,g = CwlρlXl

(
V⃗l + V⃗g

)
∥

|n⃗w . (9)

The realizable (k-ε) turbulence model developed by Launder and Spald-
ing [52] with standard wall functions was implemented in the Ansys code [23]
to solve the flow problem. The k-ε turbulence model is an isotropic turbu-
lence model that is well suited for modelling the gas phase in two-phase flow
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because it takes into account the effects of turbulent eddies on the transport
of momentum and energy. It is based on two transport equations, one for
the turbulent kinetic energy (k) and the other for the rate of dissipation of
the turbulent kinetic energy (ε). It is computationally efficient, making it
well-suited for modelling large-scale and complex two-phase flow problems.
For the current work, the k-ε turbulence model was chosen because of its
robustness. It had been used by previous authors to validate flow appli-
cations [53]. In that juncture, the model is used to improve the numerical
solution of flows. The simultaneous solution of two separate transport equa-
tions is made possible by two-equation turbulence models, and thus allows
for the measurement of the turbulent time scale and length. The trans-
port equations for the k-ε model are given by the following Eqs. (9) and
(10) [23,52]:

∂

∂t
(ρk)+ ∂

∂xi
(ρkui) = ∂

∂xj

[(
µ + µt

σk

)
∂k

∂xj

]
+Gk+Gb−ρε−YM +Sk (10)

and

∂

∂t
(ρε) + ∂

∂xi
(ρεui) = ∂

∂xj

[(
µ + µt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Gk + C3εGb)

− C2ερ
ε2

k
+ Sε , (11)

where ui are the components of velocity in xi-direction, xi are the Cartesian
coordinates (i = 1, 2, 3), t is the time, Gk, Gb, YM are the generation of
turbulence kinetic energy as a result of mean velocity gradients, generation
of turbulence kinetic energy due to buoyancy, and the contribution of the
fluctuating dilatation in compressible turbulence to the overall dissipation
rate, respectively. C1ε, C2ε, and C3ε are constants, σk, and σε are turbu-
lent Prandtl numbers for k and ε, respectively, while the source terms are
represented as Sk and Sε.

In the current simulation, after the mesh has been created, the boundary
condition were stated. At the walls, the conditions were assumed to be non-
slip at v = 0, and the approach of the wall function was used. The implicit
body force was enacted in the model to satisfy the equilibrium condition
between body force and pressure gradient terms of the momentum equa-
tion, which also handles the convergence issues in case of partial equilib-
rium. A pressure-based solver was used where the governing equations were
discretized adopting the finite volume method. Semi-Implicit Method for
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Pressure-Linked Equations (SIMPLE) scheme was activated for pressure-
velocity coupling calculations [23]. For the spatial discretization, PRESTO
(Pressure Staggering Option) was adopted for pressure coupling, the second
order upwind for the momentum, turbulence kinetic energy and turbulence
dissipation rate. Furthermore, to save computational cost, the first order
implicit scheme was adopted for the transient formulation. The inlet flow
conditions were initialized using the usual initialization procedure. The liq-
uid phase was patched throughout the entire flow domain after initiation.
100 iterations were permitted for each step, with a time step of 0.001 s,
which satisfies the convergence criteria [54]. The standard convergence cri-
terion of 0.0001 was selected for residuals of continuity, velocity (u, v, w),
kinetic energy (k) and dissipation rate (ε). Flow time was used to track
parameters such as volume fraction and pressure gradient. From the Ansys
Fluent solver, the time series and probability density function (PDF) plots
of liquid holdup were obtained. The area weighted average volume fraction
distribution was captured in order to further characterize the flow pattern
that was observed in the modelling. The previous studies [13] have made
extensive use of PDF to describe the flow structure and calculate the frac-
tion of liquid holdup in the spatial domains employing the kernel density
function of MATLAB to plot the pattern of flow. In this present work, the
kernel smoothing density function of MATLAB was adopted to describe
the PDF for the CFD flow patterns.

2.4 Validation

The validation of the model started with checking the mesh quality, which
is crucial in getting the right numerical solutions. The convergence be-
haviour was checked by initiating several runs and varying the density of
cells. The pressure drop along the pipe was used as a criterion to check
the convergence behaviour. The cell values of the corresponding pressure
gradient are shown in Fig. 3. The numerical simulation was validated with
the experimental work of Eyo et al. [8]. Three conditions of study were ini-
tiated with the superficial velocities displayed in Table 2. Case 1 represents
the simulated data for superficial velocities for air-water at VSG = 0.18 m/s
and VSL = 1.94 m/s, respectively. Case 2 represents the simulation data for
air-water with superficial velocities of VSG = 0.21 m/s and VSL = 0.27 m/s,
and lastly, Case 3 represents the simulation data for air-water with a su-
perficial velocities at VSG = 0.62 m/s and VSL = 0.28 m/s. The test matrix
for the simulation is displayed in Table 2. The study was to establish the
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accuracy of the turbulent model in predicting the flow regime in an annu-
lus concentric pipe. The VOF model in Ansys 19.0 [23] was used with the
Eulerian-Eulerian approach in conjunction with the turbulence (realizable
k-ε) model to simulate the gas-liquid flow pattern. The modelling was car-
ried out on an axial length of 12.8 m as shown in Fig. 1. The entire length
was calculated for a simulation time of 10 s; the time it takes for the fluid
to be fully developed along the 2 m section of the pipe was ignored. The
calculated volume fractions of air and water were taken on a distance of
6.01 m from the inlet to the annulus section. Results obtained from the
CFD simulation show that the VOF and k-ε model are adequate to mimic
the flow pattern for elongated bubble and slug flow. Slight deviations were
found in PDF of liquid holdup as compared with the experimental results,
which is depicted in Figs. 4–9.

Table 3: Conditions and flow regime.

Cases Superficial velocity
for liquid (VSL), m/s

Superficial velocity
for gas (VSG), m/s Flow regime

1 1.94 0.18 Dispersed bubble

2 0.27 0.21 Elongated flow

3 0.28 0.62 Wavy slug flow

3 Results and discussions

3.1 Dispersed bubble flow

Figure 4(a) shows the CFD contours of water volume fraction at the condi-
tion of VSG = 0.18 m/s and VSL = 1.94 m/s, respectively. The CFD image is
taken from the point where the fluid mixture enters the annulus section up
to 6.01 m along the annulus section of the pipe. In Fig. 4(a), the contour plot
shows the dispersed bubble flow in a horizontal concentric annulus pipe that
is characterized by the formation of small gas bubbles dispersed throughout
the liquid phase. These bubbles are small in size and have a spherical or
elongated shape. The bubbles tend to move in a random motion, colliding
and coalescing with each other, which could lead to changes in their size
and shape. The liquid phase in dispersed bubble flow occupies the majority
of the pipe volume, while the gas phase is dispersed as bubbles through-
out the liquid phase. This type of flow is predominant with low superficial
gas velocity and higher superficial liquid velocity as reported by previous
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authors [8, 17]. These bubbles are created by the breaking of the slug and
the movement of elongated bubbles along the annulus section. This effect
results in significant liquid holdup values along the annulus region. The
shape of the bubbles can also influence their dynamics, with non-spherical
bubbles experiencing different drag forces than spherical bubbles. The dis-
tribution of bubbles in the flow can affect the overall flow behaviour, as the
presence of bubbles can induce turbulence and promote mixing between the
phases. The dynamics of dispersed bubbles can lead to a variety of com-
plex phenomena such as bubble coalescence, breakup, and interaction with
solid surfaces. For example, bubble coalescence can lead to the formation of
larger bubbles, which can alter the overall flow characteristics and reduce
the mass transfer efficiency. On the other hand, bubble breakup can lead to
the formation of smaller bubbles, which can increase the interfacial area and
promote mixing between the phases [55–57]. Figure 4(b) depicts the video
image captured from the high speed camera, which shows the formation of
very small gas bubbles dispersed throughout the liquid phase. The bubbles
of the CFD image look slightly larger than those of the experiment; this
might be attributed to the runtime of the simulation, which if run further
between 12 s and 15 s, it could have captured more details of the breakup
of large bubbles.

(a) (b)

Figure 4: (a) CFD contour plot of volume fraction of water in the annulus region; (b) vi-
sual image of dispersed flow from high speed camera [1]; VSG = 0.18 m/s and
VSL = 1.94 m/s.

The flow pattern is further characterized by using the time series of the
liquid holdup for the experimental data and the PDF plots of liquid holdup
generated from the CFD data. Figure 5(a) depicts the simulated variation
of the liquid holdup. In Fig. 5(b), it is seen that the dispersed bubble flow
exhibits a uniform oscillation of the time-varying liquid holdup between
the values of 0.917 and 0.93, which is close to 1, indicating the presence of
spherical bubbles scattered along a continuous liquid phase as revealed in
Fig. 5(a). The liquid holdup of the dispersed gas phase (i.e. the bubbles) is
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very small, while the liquid phase occupies almost the entire volume of the
flow as rightly observed by other authors [57]. When compared with the
time variation of liquid holdup in the experiment, a more steady oscilla-
tion was observed for time variation liquid holdup of about 1 signifying the
dispersed bubble in a continuous liquid phase. Figure 5(c) shows a com-
parison between the simulated CFD model and experimental PDF trend;
both the simulation and experiment showed their unimodal peak values at
liquid holdup values of 0.93 and 0.97, respectively which is eventually close
to 1. Then, the error of the CFD simulation is estimated to be 4% when
compared with the experimental data. From the plot, it is established that
the VOF model coupled with the k-ε turbulence model adequately predicts
the probability density function (PDF) trend of liquid holdup for dispersed
bubble flow.

Figure 5: The time variation of liquid holdup and PDF trend at VSG = 0.18 m/s and
VSL = 1.94 m/s: (a) the measured time variation of liquid holdup, (b) PDF
trend obtained for dispersed bubble by visual image in literature [1], (c) com-
parison of PDF of simulated variation of liquid holdup with the experimental
trend for dispersed bubble flow.
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3.2 Elongated bubble flow

Figure 6(a) depicts the calculated contours of liquid volume fraction for
the elongated bubble at VSG = 0.27 m/s and VSL = 0.21 m/s. Within the
region, the bubble flow is characterized by a discontinuous liquid body that
fills the annulus zone and is limited at its top by gas plugs. As previously
reported in the literature [57–59], at lower gas and liquid superficial veloc-
ities, this particular flow pattern is significant and is characterized by an
alternating liquid body that fills the entire cross section of the annulus and
gas plugs confined at the annulus top. The pattern of the formed gas plug
is rightly conditioned by the annulus configuration. The elongated bubble
flow is formed in a horizontal concentric annulus pipe as a result of con-
tinuous gas phase flow through a liquid phase, creating elongated bubbles.
The shape of the annulus and the flow rates of the gas and liquid phases
can influence the formation of elongated bubbles. At low liquid flow rates,
elongated bubbles can form due to the low frequency of liquid slugs. At
high gas flow rates, the gas can displace the liquid and create elongated
bubbles. Additionally, the presence of obstacles or bends in the annulus
can also affect the formation of elongated bubbles.

In comparison with the experimental image captured from the high speed
camera in Fig. 6(b), the calculated elongated bubbles are slightly larger in
shape; this might be due to the shear force acting on them in the centre
of the annulus. It is seen that the VOF and k-ε model adequately predict
the flow pattern for elongated bubble as compared with the video image
obtained from the experiment.

(a) (b)

Figure 6: Comparison between (a) CFD contour plot of volume fraction of water in the
annulus section for elongated bubble flow and (b) visual image of elongated
bubble flow from a high speed camera [1]; VSG = 0.27 m/s and VSL = 0.21 m/s.

The time variation of liquid holdup in the experiment and the CFD model
is shown in Fig. 7. In Fig. 7(a), the time variation of liquid holdup plot
in the experiment fluctuated intermittently from a crest value of 0.8 to



724 O.E. Nyong et al.

a crest value of 1, which indicates high closeness to liquid holdup value.
This means that the annulus section is completely filled with liquid, as
indicated by the higher crest value. The crest value for the simulated time-
varying liquid holdup plot was observed to fluctuate between 0.1 and 0.6.
It can be seen that the CFD model underestimates the time-varying liquid
holdup for elongated bubble flow. In contrast to the visual appearance from
the experiment, the PDF trend from the simulated data in Fig. 7(c) displays
two peak values that are further apart with bimodal peak values of 0.2 and
0.6, while the experimental results demonstrate two peak values of liquid
holdup of 0.7 and 1.0.

Figure 7: The time variation of liquid holdup and the PDF of liquid holdup at VSG =
0.27 m/s and VSL = 0.21 m/s: (a) the experimentally measured time variation
of liquid holdup for elongated bubble from experiment [1]; (b) CFD simulated
time variation of liquid holdup obtained for elongated bubble flow; (c) compar-
ison of CFD and experimental PDF of liquid holdup for elongated bubble flow.

3.3 Slug flow

Figure 8(a) depicts the simulated contours of volume fraction of air-water at
superficial velocities of air and water VSG = 0.62 m/s and VSL = 0.28 m/s,
respectively. It is clear that the air phase appears in two different forms:
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large and small spherical bubbles dispersed in the water phase. Large bub-
bles occupy almost the entire cross section of the annulus and move uni-
formly upwards. The liquid (water) phase appears as liquid plugs that span
over the cross section of the annulus pipe, and as falling liquid films that
flow downwards between the large bubbles (slug air) and the tube walls.
The slugs (water) which separate the main successive bubbles contain small
dispersed spherical gas bubbles. As a result of a decrease in flow holdup and
increased turbulence, the liquid phase wraps itself around the inner pipe of
the annulus and contains some entrained air bubbles flowing close to the
top of the annulus [8]. As a result of the high gas superficial velocity, the
wavy interface and stratified smooth flow are observed along the annulus
section during the flow simulation. The contour phase distribution for this
case shows a clear chaotic, unstable and wavy spike image, whose behaviour
was reported by Roberto et al. [60]. A similar trend was captured from the
visual (experimental) image placed in Fig. 8(b) [8]. It can be seen that the
VOF and k-ε models conveniently predict the slug flow with the studied
condition, showing a good agreement with the video image captured from
the experiment.

(a) (b)

Figure 8: The comparison between (a) the CFD contour plot of volume fraction of air-
water along the annulus section for slug flow and (b) the visual observations
from high-speed imaging of slug flow; VSG = 0.62 m/s and VSL = 0.28 m/s [1].

Figure 9 shows the time variation and the PDF of liquid holdup for both the
model and experimental data. In Fig. 9(a), the experimental time-varying
liquid holdup for slug flow is illustrated. The experiment shows a pulsating
flow between the crest values of 0.3 and 1, which shows how the slug liquid
body and Taylor bubble alternate with the annulus section. Figure 9(b)
shows the time-varying liquid holdup for the CFD model having pulsating
flow between the crest value of 0.3 and 0.5. However, Fig. 9(c) shows the
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comparison of the simulated and experimental PDF of liquid holdup for
slug flow. From the plot, a bimodal trend is observed for the simulated
data, which is in line with the experimental data. It can be seen from the
plot in Fig. 9(c) that two distinct peaks are observed from the CFD model.
The first peak occurs within the liquid holdup range of 0.3–0.5, while the
second peak is within the range of 0.3–0.4. The first peak was adequately
predicted, falling in the same range as in the experiment, while the higher
peak was underestimated compared with the experiment where it falls in
the range of 0.8–0.9.

Figure 9: The time variation of liquid holdup and the PDF trend at VSG = 0.62 m/s
and VSL = 0.28 m/s: (a) the measured time variation of liquid holdup from
experiment [1]; (b) simulated time variation of liquid holdup for slug flow; (c)
comparison between the CFD model and experiment for PDF of liquid holdup
for slug flow.

4 Conclusions
The current work was carried out to establish the accuracy of the CFD
model in predicting the flow pattern and also validate the work of Eyo et
al. [8] in a horizontal concentric annulus pipe. This was achieved through
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the use of the VOF model, which is based on Eulerian-Eulerian approach
in conjunction with the turbulence model (realizable k-ε) in Ansys Fluent.
Simulations were done on a 12.8 m long pipe with a hydraulic diameter of
0.0168 m using air and water as the main operating fluids. The entire length
was calculated for a simulation time of 10 seconds; the time it takes for the
fluid to be fully developed along the 2 m section of the pipe was ignored.
The calculated volume fractions of air and water were taken on a distance
of 6.01 m from the inlet to the annulus section. Three basic two-phase flow
regimes were predicted for the condition of superficial velocities studied.
These flow patterns were obtained by varying the superficial velocity of
air and water to obtain regimes such as the elongated bubble, dispersed
bubble and slug flow regimes. The validation of the model started with the
checking of the mesh quality, which is crucial in getting the right numeri-
cal solutions. The convergence behaviour was checked by initiating several
runs and varying the density of cells. The pressure drop along the length
of the pipe was used as a criterion to check the convergence behaviour.
The cell values of the corresponding pressure gradient were recorded. The
validation of CFD results of two-phase flow patterns determined as a com-
bination of time series and PDF of the liquid holdup was made with the
help of an experiment of visual image capture from a high-speed camera.
The PDF model was used to describe the flow structure and calculate the
fraction of liquid holdup in the spatial domains employing the kernel den-
sity function of MATLAB to plot the pattern of flow. From the PDF trend
results, the crest value for the simulated time-varying liquid holdup plot
for elongated bubble was observed to fluctuate between 0.1 and 0.6. It can
be seen that the CFD model underestimated time-varying liquid holdup
for an elongated bubble flow. For slug flow the first peak was adequately
predicted which falls in the same range as in the experiment and the higher
peak was underestimated compared with the experiment data, where it
falls in the range of 0.8–0.9. The numerical results showed a good agree-
ment with the corresponding experimental data over a studied range of flow
conditions.

Future works are underway to ensure that the turbulence (realizable k-ε)
model can be used to simulate other flow regimes of liquid holdup for con-
centric and fully eccentric pipes at varying superficial velocities conditions
and also to predict the pressure gradient of the system.

Received 5 February 2023
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