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ABSTRACT 

Petroleum is considered as one of the factors for the development of a nation as well as a cause of economic and politi-
cal conflicts around the world because of the diversity of products obtained with their derivatives such as fuel for auto-
motives and aviation, and manufacturing plastic parts, among others. The crude petroleum (usually oil, water and gas) 
found in an underground reservoir is transported to the surface by pipes, and has drawn the attention of researchers be-
cause of the problems generated in the pipeline with particular attention to the loss of pressure, friction and bubbles. For 
a fluid flow in plug regime, where many of the bubbles formed coalesce and produce bigger ones of sizes almost equal 
to the pipe diameter (Taylor bubble), severe instability in the flow is caused. In this context, the objective of this re-
search has been to study the Taylor bubble flow in curved ducts using the software CFX. Results of the transient effects 
of the air concentration on the bubble air volumetric fraction, of the viscosity on bubble format, and pipe angle of 90˚ 
on bubble symmetry are presented and interpreted. 
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1. Introduction 

Petroleum is considered as an important factor for the 
development of a nation. It is extracted out of the under- 
ground reservoirs. It is generally composed of oil, air and 
water, which are carried up to the surface by pipes. To 
foresee the possible fluid flow instabilities in the pipes, 
researchers have been studying the behavior of the mul- 
tiphase flow in the interior of pipes. 

Slug flow is one of the most common and complex 
flow patterns in two-phase flow characterized by long 
gas bubbles almost filling the pipe cross-section, where 
liquid moves around the bubbles and in bulk between 
two successive bubbles. Slug flow exists over a broad 
range of gas and liquid flow rates and is encountered in a 
wide variety of industrial applications like oil and gas 
wells, process vaporizers and gas-liquid pipeline reactors 
[1-6]. 

The study of bubble behaviors, mainly that which con- 
sists of elongated bubbles, is one of the important aspects 
associated with two-phase flows. 

Some authors who have reported, in literature, their 
studies on Taylor bubble behavior are [1-4] and [7-14]. 

Taylor bubble formation as the most dominant two- 

phase flow pattern, in the miniature channels with stag- 
nant liquids, has been reported by [13].  

[14] proposed that elongated Taylor bubble can be di- 
vided into three parts according to the profile configura- 
tion of the acting forces (inertial forces, surface tension 
and viscosity). The first part is prolate spherical cap zone, 
the third part is the terminal cylinder zone with terminal 
constant thickness and velocity of fully developed falling 
liquid film. The second part is the transition zone be- 
tween the prolate spherical cap and the terminal cylinder. 
The results of viscosity effect are interesting, with a sig- 
nificant effect on the streamlines in the Taylor bubble 
wake zone. It was found that the higher the viscosity, the 
lesser is the distortion and the smaller is the fluctuation 
of the bubble bottom. These authors have also observed 
the presence of small bubbles in the Taylor bubble tail 
(oblate spheroidal part). 

The classical Taylor bubble often observed in the 
laboratory usually results from air rising in water and has 
a prolate spheroidal leading edge and a flat, or even con- 
cave, trailing edge, [1]. According to these authors, the 
Taylor bubble formation occurs when the gas flow in- 
creases in the system, increasing the number of bubbles 
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that form and there is a tendency to coalesce and to form 
bubbles with dimensions close to the duct diameter. 

[10] found that the pipe wall did not influence the 
shape or diameter of the breaking bubble. This is because 
the bubble breaking was influenced by the buoyancy 
force and surface tension between bubble and the nozzle. 
However, once the bubble got disconnected from the 
nozzle, the pipe wall influenced the bubble behavior, 
being reflected in the slow rise of the bubble in the tube. 
The experimental results for the larger diameter tubes (D 
= 6.35 and 4.36 mm) indicated that the departure diame- 
ter of bubble is not affected by the wall of the tube, but 
the velocities of the bubble rising in large diameter tube 
were higher than those obtained with the tube of D = 
3.18 mm.  

An experimental study for different stages of bubble 
formation, through a point of air injection, has been re- 
ported by [10]. The injection nozzle had an internal di- 
ameter of 0.556 mm. The pipe diameter ranging from 
1.89 to 6.35 mm and length from 200 mm to 270 mm 
were used. These authors studied bubble formation with 
the aid of a high-resolution camera, in circular, triangular, 
quadratic and rectangular pipes. It was observed that as 
more gas is injected bubble tends to grow more, and its 
initial spherical shape changed to an elliptical shape. This 
behavior is due to buoyancy forces. As the bubble grows 
it narrows at the injection nozzle and the contact from 
nozzle is broken taking the shape of a nearly perfect 
sphere in the vertical direction. 

[2] published an experimental investigation of flow 
patterns and characteristics of two-phase flow in upward 
inclined tubes of 2 - 8 mm diameter. These authors con- 
cluded that the shape and the radial position of the gas 
slug, in the tube, are influenced by the tube diameter, 
flow rate and inclination angle of tube. Furthermore, the 
length of gas slug increases with the superficial gas ve- 
locity. The length of gas slug in the inclined tube is 
longer than that in the vertical or horizontal tube, and the 
gas slug velocity in the inclined tube is faster than that in 
the vertical or horizontal tube. Observations made under 
various inclinations of tubes showed that the flow pattern 
was elongated bubble flow and no small dispersed bub- 
bles existed in liquid slug.  

[12], in their review paper, have reported CFD studies 
of Taylor bubbles in 3D and 2D geometries. The objec- 
tive was to study slug flow in micro-channels (0.25, 0.5, 
0.75, 1, 2 and 3 mm). They mentioned that in the com- 
putational region, the slug length slightly increases with 
the increase of surface tension. However, there is almost 
no influence of liquid viscosity. It was observed that 
there is no significant difference in the slug length ob- 
tained when 3D and 2D geometries were studied. These 
authors concluded that: 1) gas slug length increases by 
increasing the superficial gas velocity, and by decreasing 

the superficial liquid velocity; 2) liquid slug length in- 
creases by increasing the superficial liquid velocity, and 
decreasing superficial gas velocity.  

The study on the flow regime for two-phase gas-liquid 
flow in an inclined tube with small diameter is still very 
little in literature. Therefore, in order to make a contribu- 
tion in this area of knowledge, present research aimed to 
study the unsteady behavior of gas bubbles flowing in 
curved pipes (90˚ angle), with particular reference to 
Taylor bubbles, using the software CFX-3D. 

2. Mathematical Modeling 

2.1. Governing Equations 

To study the two-phase flow (gas-oil) in curved pipes 
(Figure 1), following conditions were adopted: 1) two- 
dimensional field domain in cylindrical coordinates; 2) iso-
thermal flow; 3) no chemical reaction; 4) phases treated 
as incompressible fluid with physical properties being 
constant; 5) no gravity effect; and 6) no interfacial mass 
transfer. Thus, the conservation equations are described 
as: 

- Equation of mass conservation; 
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- Equation of momentum conservation; 
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where Cαβ corresponds the interfacial drag term, given 
by: 
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The indices α and β represent the continuous and dis- 
persed phase; ƒ, ρ, μ, U are the volume fraction, density, 
dynamic viscosity and velocity vector respectively, P is 
the pressure, and Aαβ represents the density of interfacial 
area, which is given by: 
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where ƒβ and dβ are volumetric fraction and air bubble 
diameter respectively. 

The drag coefficient CD, was estimated by the Grace 
model [16]. This model considers the dispersed phase 
shape effect, a constant interfacial tension of the bubble 
and is given by: 
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where UT is terminal velocity of a rising bubble, Δρ is 
density difference between phases, d is bubble diameter 
and ρc is density of continuous phase.  

In the model, a constraint equation was used, where 
the sum of the volumetric fraction of the phases is unity. 
This equation is given by: 

1

1
PN

f
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                 (6) 

The pressure field used was same for all the phases. In 
this case it is given by: 

1   for PP P P N                (7) 

2.2. Initial and Boundary Conditions 

a) Initial conditions: 
At time t = 0, the pipe was completely full with oil, at 

pressure 101,325 Pa, and the velocity components of the 
two phases were considered void.  

b) Boundary conditions:  
b1) At inlet: 
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where Δr is the distance between the bubble and the pipe 
wall, z r z r  are respectively the 
and radial components for the gas and liquid speed, 

 are the gas and liquid volume fractions 
respectively, and R is the radius of the pipe.  

andGas Liquidf f

b2) At outlet: 

            (8) 

b3) At symmetry planes: 
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where θ it is the angular coordinate. 
b4) At pipe walls: 

   
 

       (10) 

2.3. Thermo Physical Properties and Data for  
Simulation 

The physical properties of liquid and gas used in the 
simulations are presented in Table 1. 

In Table 2 are given other details about the mathe- 
matical model and numerical treatment of governing equ- 
ations. 

The cases analyzed in the present work are shown in 
Table 3. 

2.4. The Numerical Mesh 

The geometry and the dimensions of the pipe used in the 
present work are shown in the Figure 1. Due to the ob- 
served symmetry of the fluid flow in tubes, this study has 
been realized in an unstructured two-dimensional mesh  
 

Table 1. Physical properties of fluids. 

Physical Properties 
Continuous 
Phase (oil) 

Dispersed 
Phase (air) 

Density (kg/m3) 920 1.185 

Dynamic Viscosity (Pa·s) 1.5 0.00001831 

Surface Tension (N·m) 0.07 

 

10 cm 

10 cm

3 mm 

 

Figure 1. Geometrical shape and dimensions of pipe used in 
this study.  
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Table 2. General conditions of the physical problem and numerical treatment. 

Cases studied 
Oil viscosity 

(Pa·s) 
Time of air injection 

(s) 
Air speed 

(m/s) 
Oil speed  

(m/s) 
Air injection nozzle 

radius (m) 
Time of bubble trajectory 

in pipe (s) 

Case 1 1.5 0.02 0.1 0.1 0.001 1.0 

Case 2 1.5 0.1 0.1 0.1 0.001 1.0 

Case 3 1.5 0.5 0.1 0.1 0.001 1.0 

Case 4 0.5 0.5 0.1 0.05 0.0005 2.0 

Case 5 1.5 0.5 0.1 0.05 0.0005 2.0 

Case 6 2.5 0.5 0.1 0.05 0.0005 2.0 

Case 7 5.0 0.5 0.1 0.05 0.0005 2.0 

 
Table 3. Characteristic data of the cases studied. 

Flow Biphasic 

Flow regime Transient 

Time step (Δt) 10−2 

Fluids used 
air (dispersed phase), oil  

(continuous phase) 

Ambient conditions 25˚C and 1 atm 

Model Non homogeneous 

Inter-phase model transfer Particle model 

Pressure interpolation scheme Trilinear 

Speed interpolation scheme Trilinear 

Influence of wall for oil No slip condition 

Influence of wall to the air Free slip condition 

Mass transfer between phases None 

Advection scheme High resolution 

Drag model coefficient Grace model 

Convergence criterion 
Residual mean square  

(RMS) (10−4) 

Transient scheme Second order backward Euler 

 

Figure 2. Numerical mesh and pipe boundary. 
 
and geometric behavior of air bubbles during the co- 
current air-oil flow inside a pipe with a 90˚ curvature are 
presented. The effects of the parameters evaluated are: 
the air injection time (0.02, 0.1 and 0.5 s) in the horizon- 
tal and vertical sections of the pipe, the oil viscosity (0.5 
to 5.0 Pa·s) on the format of the bubble and pipe curva-
ture of 90˚ on the symmetry of the formed bubbles. The 
details of the cases studied are shown in Table 3.  

 
obtained by using CFX® 5.6 software.  

This mesh constituted of prismatic and pyramidal ele- 
ments is illustrated in Figure 2. 

The behavior of bubble flow in pipe with an angular 
junction of 90˚ was investigated numerically using Pen- 
tium 4 computers, Core 2 Duo 3.0 GHz, 2048 Mb RAM 
memory and a hard disk of 120 Gb. The total time of 
simulation for each case was of approximately of 11 
hours. 

For representing the air bubble movement in the inte- 
rior of the pipe, the air phase volumetric fraction distri- 
butions have been used. In all the figures, the blue color 
corresponds to the liquid phase, and other colors show 
the variation of the air fraction in the gas bubble. To fa- 
cilitate the visualization and interpretation of the results 
the minimum and the maximum fractions of the gas were 
fixed at 0.0 and 0.7, respectively.  

3. Results and Discussion 

The results of the numerical study of the fluidodynamics  
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3.1. Effect of Air Injection Time (Air  
Concentration) 

To analyze the effect of air concentration on the for- 
mation and movement of bubbles inside the pipe, certain 
quantity of gas, through a circular orifice of radius Rmax = 
1 mm was injected into the pipe.  

The behavior of the air bubble for the trajectory time 
of 0.4 s and 1.0 s are shown in Figures 3 and 4 respec- 
tively. It can be seen that, for all the three cases, Cases 1, 
2 and 3, the diameters of the bubbles formed approach to 
the diameter of the pipe, and can be considered as Taylor 
bubbles ([1,2,4,10,12-13,15]). 

For Cases 1 and 2, it can be noticed that the bubbles 
are practically at the same positions of the pipe (see Fig- 
ure 3). The central parts of the bubbles are approxima- 
tely at 6.5 cm of the distance. However, this did not hap- 
pened for Case 3, where the central part of the first bub- 
ble is approximately at a distance of 4.5 cm. On further 
dislocation of the bubbles, in the tube, their frontal parts 
become more concave. This effect could be due to the 
friction of the wall contact area on the bubble, which is 
easily visualized in Case 3.  

For Cases 1 and 2, in the horizontal section of the pipe, 
in the upper back side of the bubble, a formation of gas 
trail is notice (see Figure 3). This can be due to the re- 
lease of the micro bubbles. Thus, at the end of 1s of tra- 
jectory time, when the Taylor bubble reaches the end of 
the vertical section of the pipe, its volume is reduced (see 
Figure 4).  

In Case 3, when the amount of air is increased by 25 
times with respect to Case 1, formation of more bubbles, 
dislocating near the upper surface of the tube wall, can be 
observed (see Figures 3(c) and 4(c)). For this case 3, 
having 0.4 s of trajectory time, formation of a bigger 
bubble with three small nuclei, possessing approximately 
70% of volumetric air fraction, can be seen. Also, in this 
case, as the trajectory time of 0.4 s, which is less than the 
air injection time of 0.5 s, an incomplete release of the 
bubble at the nozzle mouth is seen and the formation of a 
micro bubble trail, on the back side of the bubble, is no- 
ticed (see Figures 3(c) and 4(c)). 

The positions of the first bubbles, in the pipe, for the 
trajectory time of 1.0 s, shown in Figure 4, are different 
but consistent with the air injection times. It is to be 
noted that in Case 3, the air fraction in the second bubble 
is higher. This phenomenon may be explained due to the 
reduction of bubble velocity, when it passes through the 
90° angle of the pipe. This reduction of the velocity helps 
in merging of the last bubble with the second one and 
letting the tail of this bubble disappear. Thus, the size 
and format profiles of the two bubbles are different, (see 
Figure 4(c)). The movement of the bubbles in the vertical 
part of the pipe makes their frontal part neatly spherical. 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 3. (a) Volumetric fraction of air in bubble and bub- 
ble position at 25˚C and t = 0.4 s (Case 1); (b) Volumetric 
fraction of air in bubble and bubble position at 25˚C and t 
= 0.4 s (Case 2); (c) Volumetric fraction of air in bubble 
and bubble position at 25˚C and t = 0.4 s (Case 3). 

Copyright © 2012 SciRes.                                                                                ACES 



J. L. G. MARINHO  ET  AL. 288 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 4. (a) Volumetric fraction of air in bubble and bub- 
ble position at 25˚C and t = 1.0 s (Case 1); (b) Volumetric 
fraction of air in bubble and bubble position at 25˚C and t = 
1.0 s (Case 2); (c) Volumetric fraction of air in bubble and 
bubble position at 25˚C and t = 1.0 s (Case 3). 
 
This observation is in agreement with the one reported by 
[10]. 

Comparing the results, shown in Figures 4(a)-(c), it 
becomes evident that the air injection time has great in-
fluence on the format and the length of the Taylor bubble, 
which is also mentioned by [10]. These authors com-

mented that as the amount of air injected is increased, the 
bubble size increases while changing its format from 
spherical to elliptical due to the buoyancy forces. In all 
the cases, analyzed here, the asymmetry of the bubble in 
the horizontal section and symmetry in the vertical sec-
tion of the pipe has been verified. 

3.2. Effect of the Oil Viscosity 

The oil phase viscosity has a strong effect on the bubble 
format and has been reported in works of [1,14-16], 
among others. In Figure 5, the results of the effect of the 
variation of the viscosity on the bubble, corresponding to 
Cases 4, 5, 6 and 7, for a 1.4 s of trajectory time and air 
injection time 0.5 s, are presented. It can be observed that, 
for all the four viscosities studied, the bubble formats are 
well defined. For 0.5 Pa·s viscosity case, three bubbles of 
different sizes are formed, (see Figure 5(a)). For the first 
bubble a greater enlargement in the upper part of the 
bubble tail has occurred. The second bubble has a higher 
air concentration in the central part and the third bubble 
presents a small gas trail. The number of bubbles formed 
for viscosities 1.5 Pa·s and 2.5 Pa·s are four each and for 
5.0 Pa·s is five (Figures 5(b)-(d)).  

These observed effects can be explained due to the 
variation of oil viscosity because it exerts different resis- 
tances to the bubble flow. Thus, the lower the viscosity, 
the easier the air bubble tends to deform, and the higher 
the viscosity, the more numbers of bubbles are formed. 

3.3. Effect of Pipe Angular Geometry 

The effect of 90˚ angular geometry of the pipe on the 
behavior of the bubble, for Case 5, can be visualized in 
Figure 6. The trajectory times taken to reach the angular 
section, for each bubble, were registered. They were: 1.1 
s; 1.29 s; 1.5 s and 1.65 s; for first, second, third and 
fourth bubble respectively. 

When the air bubbles arrive at the angular section (the 
bent), they enter in contact with the vertical wall of the 
pipe, get deformed according to the bending but do not 
break. Then, bubbles move vertically upward, while 
maintaining their radial symmetry. Thus, when the first 
bubble passes through the pipe bending, it suffers a small 
deformation, gets elongated and molds itself to the angu- 
lar geometry of the pipe. Due to superficial tension be- 
tween the bubble and the fluid and lower fluid velocity, 
the bubble does not break. It regains its format in the 
vertical section of the pipe. 

This behavior of the bubble is in agreement with the 
results reported by [12]. According to these authors, 
when the speed of the continuous fluid is equal of the 
dispersed fluid, the format of the bubble is maintained 
during their flow in horizontal and vertical sections of the 
pipe.   
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(a)                                           (b) 

 

   
(c)                                           (d) 

Figure 5. (a) Volumetric fraction of air in bubble at 25˚C, t = 1.4 s and for viscosity of 0.5 Pa·s; (b) Volumetric fraction of air 
in bubble at 25˚C, t = 1.4 s and for viscosity of 1.5 Pa·s; (c) Volumetric fraction of air in bubble at 25˚C, t = 1.4 s and for vis- 
cosity of 2.5 Pa·s; (d) Volumetric fraction of air in bubble at 25˚C, t = 1.4 s and for viscosity of 5.0 Pa·s. 
 

From the volumetric air fraction point of view the first 
and second bubbles have between 40% to 70% of the gas 
fraction, Figure 6(a). However, the second bubble is 
adhered to the upper side of the horizontal section of the 
pipe due to the buoyancy force and has less concentration 
of air in its central region. The volumetric fraction of the 
air in the last bubble is reduced to about 40%. During the 
trajectory of the bubbles passing through the 90˚ angular 
pipe, the concentration of the air reduces from first to last 
bubble but air fraction in the central region is maintained 
practically constant, (Figures 6(a)-(d)). 

4. Conclusions 

Based on the results of numerical simulation of the un- 
steady fluid dynamics of gas bubble flow in 90˚ curved 
pipes, following general conclusions can be made. 

The format and the length of the Taylor bubble have 
dependence on the duration of the gas injection time. 

Higher is the gas injection time, larger is the length of the 
bubble and more are the bubbles formed.  

The air bubble flow, in the pipe, tends to be asymmet- 
rical with reference to the central axis of horizontal sec- 
tion, because of the lower fluid density, and is symmet- 
rical in vertical section, due to the buoyancy effect.  

At lower fluid viscosity, the air bubble deforms easily 
and at higher viscosity more number of bubbles is 
formed. 

The bubble format is molded to the angular geometry 
of the pipe, while passing through the 90˚ section, and is 
regained to the original form in the vertical section, 
without breaking. It happens due to the superficial ten- 
sion and lower velocity of the fluids.  
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(a)                                           (b) 

 

   
(c)                                           (d) 

Figure 6. Volumetric fraction of air in bubble at 25˚C and t = 0.5 s , for Case 4 at different trajectory time: (a) 1.1 s; (b) 1.29 s; 
(c) 1.5 s and (d) 1.65 s. 
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