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Abstract 

The hydrodynamic behavior of different pipeline configurations such as vertical, horizontal, and 

inclined pipelines have been extensively studied. Flow patterns in concentric horizontal annuli, on the 

other hand, have gotten very little attention. The ability to precisely characterize multiphase flow 

patterns using computational techniques is crucial for the production, transportation facilities, and 

optimization of well designs. Using the capability of Ansys Fluent, the volume of fluid (VOF) 

multiphase model based on the Eulerian - Eulerian approach in conjunction with the turbulence models  

(Realizable k- ) were used to model a two-phase flow regime such as dispersed bubble, elongated 

bubble, and wavy slug in a horizontal annulus. This work numerically predicts the flow regimes in a 

concentric horizontal annulus and then compared the simulated result with that of the visual observation 

obtained from the experimental high-speed camera. The simulations were performed on a test section 

of a 10.8 m length pipe with a hydraulic diameter of 0.0168 m using air and water as the working fluids.  

The visual observation from the experimental high-speed camera with the simulated flow pattern was 

seen to be in good agreement. 
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1.0 Introduction. 

 In oil and gas facilities, flow parameters like 

flow pattern, liquid holdup, and pressure drop 

are observed and must be precisely predicted 

when constructing production systems as well 

as maintaining and running downstream 

facilities in the horizontal annulus. These 

parameters enhance a reliable design for a 

multiphase flow pipeline and the engineer can 

develop the pipeline operations in the best 

possible way by having a thorough knowledge 

of the flow characteristic being demonstrated in 

a domain. This pattern of multiphase two-phase 

flow, like liquid-gas or liquid-liquid systems, 

which is more frequently found in facilities, 

enables discrete phases of flows to disperse into 

different regions within a conduit; this spatial 

dispersion is referred to as flow patterns or 

regimes.  

These flow patterns are influenced by a number 

of factors, such as pipe geometry (Abdulkadir, 

2011; Crawford et al., 2007) , fluid parameters 

(Sarica et al., 2013) and the conditions of flow, 

which were reported to influence the flow 

pattern or regime (Waelchli & von Rohr, 2006). 

The work of (Ekberg et al., 1999) revealed the 

impact of pipe geometry in a narrow horizontal 

annulus where the flow pattern was tested on 

two different annuli. The first pipe geometry of 

inner diameters (Di) and outer diameter (Do) of 

0.0066 m and 0.00863m respectively. While the 

second pipe geometry of inner diameters (Di) 

and outer diameter (Do) of 0.03315 m and 

0.0352 m respectively (Ekberg et al., 1999). 

Plug, slug, distributed bubble, churn, and other 

hybrid regimes were among the outcomes they 

got in their studies. Previous studies have 

shown that the center pipe's flow obstruction 

causes the flow structure in the annuli 
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configuration to differ from that of circular 

pipes (Eyo & Lao, 2019; Mahood et al., 2009). 

Additionally, compared to vertical flow, the 

gravity effect causes the annulus with 

horizontal geometry to exhibit more complex 

flow behavior (Barnea et al., 1983).  Thus, the 

various flow regimes have distinct 

characteristics. However, flow characteristics 

in unrestricted channels have been extensively 

studied experimentally  (Ismail et al., 2015; 

Mandhane et al., 1974) alongside vertical 

(Farman Ali & Yeung, 2015) and inclined 

pipelines (Barnea et al., 1980; Jagan & 

Satheesh, 2016; Rodriguez & Baldani, 2012). 

In horizontal annulus settings, the most 

common flow regimes captured by high-speed 

camera photography are dispersed bubble, 

elongated bubble, slug, wavy slug, churn, wavy 

annular, and annular (Eyo & Lao, 2019; 

Fakorede et al., 2021). Annulus eccentricity has 

shown to have tremendous effect on the shape 

and structure of the wavy annular, elongated 

bubble, and annular flow regimes (Eyo & Lao, 

2019; Ibarra et al., 2019). The transition from 

an elongated bubble to a dispersed bubble may 

occur at high liquid superficial velocities (Eyo 

& Lao, 2019; Lage et al., 2000). In comparison, 

fully eccentric annulus, as opposed to 

concentric annulus, cause the transitions 

between various flow regimes to happen at 

higher liquid and lower gas superficial 

velocities (Eyo & Lao, 2019). 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 completely eccentric annulus 

(Ibarra et al., 2019).  It is important to note 
that most research done prior to 2000 had 
limitations on data and application ranges 
(Lahiri & Ghanta, 2007). However, one of the 
most popular tools used for examining and 
characterizing flow regimes in complex 
geometries is CFD.  The physics of the flow, 

the 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 models, that 

is, the k-  model, k- ω model, and RSM in 

addition to large eddy simulation (LES) of 

steady fluid flow via pipelines has considerably 

been investigated in literature (Markatos, 1986; 

Sultan, 2018; Vijiapurapu & Cui, 2010). A 

numerical 3-dimensional (3D) study was 

investigated by (Gouidmi et al., 2019) on two-

phase flow through in upward vertical 

concentric annular pipe. They implemented the 

VOF model, and k-  model turbulence (Nyong 

et al., 2023). In their research, they observed 

global flux structures and transition regimes 

such as bubble size and shape, slug and their 

zigzag and coalescence phenomena (Nyong et 

al., 2023). Air velocity was seen to have 

significant impact on the flow regimes, and 

their findings validated the experimental data.  

(Kiran et al., 2020) investigated two-phase flow 

in a vertical annulus using both experimental 

and modeling methods. Their model entails 

using two turbulence models (realizable k-  

and SST k-ω models) coupled with VOF 

multiphase model to simulate the pressure drop, 

void fraction, and flow regime. Their model's 

prediction and the experimental result agreed 

rather well, with a mean error of 20%. 

(Fakorede et al., 2021) numerically studied the 

CFD analysis of  the liquid holdup and flow 

regime in  annulus section. They implemented 

the VOF multiphase model couple with the 

turbulence models (Realizable k- ) to predict 

liquid holdup and flow pattern. Within the 

studied condition USG = 0.18m/s and USL = 

1.94m/s. At the top of the annulus cross-section, 

they noticed the dispersed bubble flow, which 

is composed of tiny gas bubbles dispersed 

throughout a continuous liquid phase. The 

model validation of horizontal annulus 

configurations and flow regime features has 

received relatively little research. The vast 

majority of descriptions of flow regimes 

universally relied on experimental evidence 

(Ekberg et al., 1999; Eyo & Lao, 2019; Sorgun 

et al., 2013), analytical models (Osgouei et al., 

2010) and mechanistic models (Abbasi & 

Baniamerian, 2014; Barnea et al., 1980; 

Ozbayoglu & Omurlu, 2007) , where the flow 

channel's unusual shapes obstructed and 

deformed vision, making the experiment 

difficult. Model validation is critical in the 

construction of a piping system.  

The purpose of this research is to carry out a 

CFD analysis of gas–liquid two phase annular 

flow to characterize the flow patterns in a 

horizontal annular pipe, that is., a configuration 

experimentally studied by (Eyo & Lao, 2019).   

 

2.0 Geometrical Domain 
The geometry for the model was prepared in 

ANSYS workbench. The model has two 



sections.  The first section is made of a stainless 

of length 2 m and the section proceeding the 2 

m section is a transparent pipe with length of 

10.8 m. The mixtures (gas and liquid) are 

injected separately into this pipe via the 

inclined pipe at 90O. The pipe carrying gas 

inclined to the 2 m stainless steel pipe. The 

representation of the geometrical domain 

includes two sections for admitting gas and 

water into the test facility as described by (Eyo 

& Lao, 2019). When the gas and liquid enters 

into the pipe, both phases are premixed along 

the 2m length pipe before entering into the 

annulus section. This arrangement was 

accommodated to allow for a fully developed 

flow along the axial direction as detailed in the 

experimental setup and earlier suggested by 

previous research (Laufer, 1954). At the inlet of 

the annulus section is hydraulic diameter of 

0.0168 m. Figure 1(a & b) shows the model 

used in the simulation in 3D. The pipe 

roughness height was considered to be 

0.000015m for the wall, while the roughness 

constant was taken as 0.5. The gas-liquid 

phases were maintained at a room temperature 

of 273 K and atmospheric pressure of 1bar. The 

superficial gas-liquid velocities for the 

conditions studied ranges from 0.18 to 0.62 m/s 

and 0.28 to 1.94 m/s respectively. It is 

significant to know that the exact experimental 

features were replicated in the model found in 

the literature (Eyo & Lao, 2019).  

Figure 1.0 depicts the geometry of the test 

section of the facility. 

 

 
 

Figure 1. shows the 3 Dimensional (3D) 

isometric views of the test section of the facility  

The parameters for the simulation were 

obtained from the previous work of (Eyo & 

Lao, 2019) which is displayed in Table 1.0. 

Table 1: The parameters for the simulation [20]. 

S/N Geometrical parameters Values 

1 diameter of the outer pipe 

section (m) 

0.0768 

2 diameter of the annulus 

section (m) 

0.060 

3 Hydraulic diameter 0.0168 

4 Length of mixing section 

(m) 

2 

5 Length of annulus section 

(m) 

10.8 

 

At the entrance, velocities for gas-liquid phases 

were denoted to as superficial velocities for gas 

and superficial velocities for water respectively. 

While at the outlet is denoted by pressure outlet. 

The phases are defined with the primary phase 

as air and the secondary phase as water. At the 

entrance, both the density and the volume 

fraction of each phase were specified. The 

properties of gas and liquid are given in Table 

2. 

 

Table 2 shows superficial velocities and the 

properties of the fluid. 

 

Cases  USL 

(m/s) 

  USG    

(m/s) 

 

     ρL 

(kg/ms) 

  ρG 

(kg/ms) 

1 1.94 0.18 0.000894 0.00001821 

2 0.27 0.21   

3 0.28 0.62   

 

 

2.1 Mesh study 
The outcome of the simulation relies on the 

mesh characteristics. In the current study, the 

mesh sensitivity was carried out to ensure that 

the solution is independent of the mesh 



resolution and also determine the minimum 

mesh density required to run the simulation to 

save computational time. Refined meshes was 

concentrated at the test section of the geometry 

which is the annulus section. Figure 2(a). shows 

the top and side view of the annulus section 

which has an inner and outer diameter of 0.06 

m and 0.0768 m respectively. The top view of 

the annulus section shows how the inner and 

outer walls where structured mesh was adopted 

by retaining the finer mesh at the near wall 

region and reasonably coarser mesh at the 

central region of the annulus. Figure 2(b) also 

show the 3D symmetrical section where the 

mesh at the inlet section of the annulus and the 

symmetrical section are displayed structured 

mesh with refinement of mesh at the wall 

region. The mesh quality as indicated by the 

minimum orthogonal quality was about 0.998 

which signifies a very good mesh. 

The meshes were tested at a condition of 

superficial flow velocities of  USL = 1.94 m/s 

and USG = 0.18 m/s respectively.  Fluid density 

for liquid (ρL = 0.000894 kg/ms) and gas (ρG = 
0.00001821 kg/ms). The properties of fluid and 

gas used in the simulation could be found in 

Table 2. 

 

 

 

 

 

 
 

 

 

Figure 2.  shows mesh at the cross section of the 

annulus pipe. 

 

The mesh sensitivity study was carried out 

using the different mesh sizes that are depicted 

in Figure 3.  

 

 
 

Figure 3 shows the mesh sensitivity analysis 

(Nyong et al., 2023). 

 

The mesh sensitivity study was performed with 

mesh sizes up to 306000 cells as depicts in 

Figure 3. The figure showed a decline in the 

pressure as the mesh density is increased from 

93,200 cells 205,000 cells whereas further 

increase in the volume of cells resulted to no 

significant change in the pressure gradient 

(Nyong et al., 2023). As a result, 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/cell sizes between 

205,000 and 306,700 was found adequate to 

have no significant change in the pressure 

gradient as depicts in Figure 3. 

 

2.2 Computational method 

The conservation equations can be derived by 

averaging the local instantaneous balance for 

each phase (Anderson & Jackson, 1967), or the 

mixture theory method could be applied (Atkin 

& Craine, 1976; Bowen, 1976). If the phase is 

q then  

The phase volume   Vq is given as 

 

                q qV X dV                         (1)   

                    1

1
n

q

q

X



                               (2) 

Where qX
 is the volume fraction phase. For 

continuity equation of the phase q is 

represented as: 
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Where q , the volume is average density of the 

qth phase in the solution domain and qu  is the 

velocity phase of qth. The momentum equation 

for a fluid phase q is given as :               
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Where P is the pressure shared by the entire 

phase, q  is the qth phase stress-strain tensor, 

g  is the acceleration due to gravity, pqm
 is the 

mass flow from (q to p)  phase, qF is the 

external  body force, ,lift qF is the lift force, 

,td qF   is the turbulence dispersion force, ,wl qF  

is the wall lubrication force and ,m qF  is the 

virtual mass force. 

The drag term, which dominates all other 

interfacial terms, is defined in equation 5 as:  

 
1 1

n n

pq p qpq

p p

R K u u
 
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                     (5) 

Where pqK
= qpK

 is the interface exchange 

coefficient given as    

  

q p q

qp

q

X X f
K






                       (6) 

 

Here f is the drag function which has the drag 

coefficient and it’s dependent on the Reynolds 

number. Assuming no mass transfer occurs, the 

gaseous phase is referred to as the dispersed 

phase, while the liquid phase is represented as 

the continuum and the governing equations 

(continuity and momentum) for the gas phase is 

given in equation (7) (Launder & Spalding, 

1983). 
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Where gX
and lX are the volume fractions for 

gas and liquid respectively. 

Equation (8) gives the lift force in terms of the 

slip velocity and the curl of the liquid phase 

velocity.  

 

   ,lift g l g ll g gF C X u u u    
     (8) 

The wall lubrication force equation is written 

as: 

 , |wl g l g wwl l lF C X u u n 
            (9) 

The Realizable k-epsilon (k-ɛ) turbulence 

model developed by Launder and Spalding [45] 
with standard wall functions was implemented 

in the ANSYS code to solve the flow problem. 

The kinetic energy of turbulence is calculated 

using these transport equations k, and its rate of 

dissipation,  , respectively and are given in 

following equation (10) and (11) (Manual, 

2009): 
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Where kG , bG , MY  are generation of turbulence 

kinetic energy as a result of  the mean velocity 

gradients, turbulence kinetic energy due to 

buoyancy, and the contribution of the 

fluctuating dilatation in compressible 

turbulence to the overall dissipation rate 



respectively. 1C  , 2C  , and 3C  are the 

constants, k , and  are turbulent Prandtl 

numbers for k  and  respectively while the 

source terms are represented as kS  and S . 

In the current simulation, at the walls, the 

conditions were assumed to be non-slip at V = 

0, and the approach of the wall function was 

used. A pressure-based solver was in use where 

the governing equations were discretized 

adopting the finite volume method. Semi-

Implicit Method for Pressure-Linked Equations 

(SIMPLE) scheme was utilized for pressure-

velocity coupling calculations . The First Order 

implicit scheme was adopted for the transient 

formulation. The inlet flow conditions were 

initialized using the usual initialization 

procedure. The liquid phase was patched 

throughout the entire flow domain after 

initiation. 100 iterations were permitted for 

each step, with a time step of 0.001s, which 

satisfy the convergence criteria. The standard 

convergence criterion of 0.001 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 

volumetric average liquid holdup and pressure 

gradient.  The area weighted average of the 

liquid holdup fraction distribution was captured 

in order to further characterize the flow pattern 

that was observed in the modelling.   

 3.0 Results and Discussions 

3.1 Dispersed bubble flow 

Figure 4 (a) depicts the calculated contour 

volume of liquid holdup at the condition studied 

at USG = 0.18 m/s and USL = 1.94 m/s. The CFD 

results in Figure 4 (a) depicts that the dispersed 

bubble flow regime is detected, as shown in the 

contour of volume fraction of water. A large 

number of dispersed bubbles can be seen near 

the top of the annulus area.  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.  

 
 

Figure 4 display comparison of simulated 

variation liquid holdup with the experimental 

observed image from high-speed camera for 

dispersed bubbles flow at  USG = 0.18 m/s  and 

USL = 1.94 m/s. (a) simulated variation  liquid 

holdup (b) experimental observed image  from 

high-speed camera (Manual, 2009). 

 

 

3.2 Elongated bubble flow 
Figure 5 (a) depicts the calculated contour 

volume of liquid holdup for the elongated 

bubble at  USG = 0.27 m/s and USL = 0.21 m/s. 

According to the findings in Figure 5(a), 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 literature 

(Andrianto et al., 2016; Caetano et al., 1992) at 

a lower gas and liquid superficial velocities, 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’s top.  The 

profile of the formed gas plug is rightly 

conditioned by the annulus configuration. 

When the result is compared with the image 

captured from the high speed camera in Figure 

5(b). It is evident that the simulated contour 

volume of liquid holdup for the elongated 

bubble replicates the image captured by the 

experimental visualization.   



 

Figure 5 shows the comparison of model with 

experiment  for elongated bubbles flow at  USG 

= 0.27 m/s and USL = 0.21 m/s. (a) contour of 

volume fraction of water in the  annulus section 

for an Elongated bubble flow (b) visual image 

from high speed camera (experimental) (Eyo & 

Lao, 2019; Nyong et al., 2023). 

 

3.3 Slug flow 
The CFD simulation is run for 15s, and liquid 

holdup data is recorded throughout the flow 

time. The slug flow pattern is captured after a 

fully developed flow was met, and an initial 

data of 3.5s was ignored before the liquid 

holdup data was recorded for the simulation.  

The condition for the superficial velocities of 

air and water are USG = 0.62 m/s and USL = 0.28 

m/s respectively. At higher gas superficial 

velocities, the slug flow pattern is observed. 

Figure 7(a) depicts the simulated contour of 

volume fraction of water. It is clear that the air 

phase appears in two different forms: large and 

small spherical bubbles dispersed in the water 

phase. Large bubbles occupy almost the entire 

cross section of the annular surface and move 

uniformly upwards. The liquid (water) phase 

appears as liquid plugs that span the cross 

section of the annulus pipe. And as falling 

liquid films that flow downwards between the 

large bubbles (slugs 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 

(Eyo & Lao, 2019). As a result of the high gas 

superficial velocity, presence of wavy interface 

and stratified smooth flow is preceded along the 

annulus section during the flow simulation. The 

contour phase distribution for the case in Figure 

7(a) has shown a clear a chaotic, unstable and 

wavy spike image which behavior was equally 

reported by (Ibarra et al., 2019) . Similar trend 

was captured from the visual (experiment) 

image displaced in Figure 7(b). 

 

Figure 7 shows comparison of CFD model 

with the visualized (experimental) image of 

wavy flow at USG = 0.62 m/s and USL = 0.28 

m/s. (a) Simulated contour of volume 

fraction of water within  the annulus region 

for slug flow (b) visual (experiment)  image 

observations from high-speed imaging (Eyo 

& Lao, 2019; Nyong et al., 2023). 

4.0 Conclusion 

The current work simulated the two-phase flow 

pattern utilizing the VOF multiphase model 

based on the Eulerian-Eulerian approach in 

conjunction with the turbulence models 

(Realizable k- ) in Ansys Fluent. The 

simulations were done on a 10.8 m long pipe 

with a hydraulic diameter of 0.0168 m using air 

and water as the working fluids. For the 

condition of superficial velocity study, three 

basic two-phase flow regimes were observed. 

These flow patterns were obtained depending 

on the variation in air and water superficial 

velocities such as, the elongated bubble, 

dispersed bubble, and the wavy slug regimes. 

When compared, the CFD models of contour 

volume of liquid with the obtained 

experimental image from the high speed 

camera, the model was seen to mimic the 

experimental flow pattern. 
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