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Abstract

The flow of oil-water mixture in a pipeline can take place in a variety of patterns. It’s appear during the transportation
of oil and in wellbore. The fraction of water in the output stream will increase as the producing life of a well increases.
Being able to estimate the pressure loss in such systems is critical for properly designing the conveying system. In this
study the ANSYS fluent 2021 R2, the VOF method the RNG, k- model were used to simulate three dimensional
turbulent flow of the oil-water flow in elbow pipe of 55.57mm diameter and straight pipes at its two side of
800mm length with three water volume fractions 25%, 50%, 75%. The flow pattern and the distribution of the
velocity and the influence of the elbow angle on them were studied. Also prediction of the pressure drop and the
effect of water volume fraction and the influence of elbow angles on it. The result show that the pressure drop
increase by increasing the water volume fraction, and the largest pressure drop happened at 90° elbow angle
while the lowest at 45°.
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1. Introduction elbow was studied at six distinct upstream and

downstream sites. During this investigation, three distinct
An oil-water system presents complex and unique problem  velocities for air and three different velocities for water
in pipeline transportation of the crude oils in the industry  were employed to examine the impacts of different phases.
of petroleum due to its unusual rheological behavior. Type  The pressure drop behavior of single-phase and multiphase
of flow pattern is a common observation in this field of  flows was observed to be similar. A comparison of CFD
studies because even slight differences in flow conditions  findings with available empirical models revealed that
will exhibit different flow configurations. In multiphase  they were pretty good. [5] have investigated what is the
flow system even more important thing to discuss is about  significance of the influence of a little reduction in
pressure. Both flow pattern and pressure were actually  diameter of the pipe on pressure gradient and flow patterns
directly related since both are dependent under the same  in 19 mm ID pipe. The results show a notable influence of
factors such as density ratio, mixture flow rate, wetting  diameter of the pipe on the gradient of pressure and flow
properties, surface tension, viscosity ratio and etc.[1]. The  patterns. The region for both continuous and scattered oil
immiscible liquid-liquid flow common in the chemical in water flows grows as the diameter of the pipe grows
industries, petroleum engineering and ocean engineering,  from 19mm to 25.4 mm, whereas the amount of stratified,
as well as the process of transportation[2]. annular flow and bubble zones decreases. At identical
[3] investigated the oil-water flow in stainless steel surface oil and water velocities, the values of pressure
straight pipe in cross section with 50 m and 25.4 mm  gradient recorded in the pipe of 19 mm are larger than
length and ID, respectively. For low water percentages and  those found in the pipe of 25.4mm. With increasing the
mixing velocities, this took up the whole cross section of  velocities of oil & water, the disparities in pressure
the pipe. When the volume fraction or velocity of water  gradient become more pronounced. [6] have investigated
rose, it seemed to separate. The water-in-oil mixture the fluid flow in a 90 ° angle curved pipe with a large
produced an annular flow in large water percentages and  curvature ratio as a preliminary research and simulation. A
mixing velocities, in the center and encompassed by water.  turbulence model, DES was utilized to examine fluid
The finding obtained were compared to a similar viscosity ~ flows with Reynolds numbers ranging (5000 - 20000). The
model oil. The patterns obtained oil systems defined by  result indicate that fluid flow in a curved pipe with a high
water separation dispersed with increased mixture velocity  curvature ratio differs from fluid flow in a curved pipe
or water fraction were comparable at low water with a small curvature ratio. Separation region, The flow
percentages. However, at significant water fractions, the  patterns and oscillating flow are all varied because a large
model oil produced diffusion that the crude oil did not. curvature ratio complicates internal flow. [7] have
The pressure decrease in the crude oil system was simulated two-phase flow in a 0.0254m horizontal pipe.
typically larger than in the model system, although it fell  Used volume of Fluid (VOF) with turbulence model RNG
in both situations When water began to separate and create k- to simulate the stratified flow regime. The velocity
layers at the pipe's contact. [4] has investigated by (CFD) effect on the gradient of pressure was also studied. 0.2
for single and two phase flow in a 90 °elbow horizontal -  m/s, 0.5 m/s, 0.8 m/s and 1.1 m/s . Presented Using the
vertical with a 12.7 mm inner diameter, behavior of the
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proper multiphase model and turbulence model, flow
velocity with the same volume fraction for each phase.

[8] determined the characteristics of flow separation in
high Reynolds number pipe bends to investigate one phase
turbulent flow across pipe bends. The numerical results
show that flow separation is easily visible for bends with a
small curvature ratio. The velocity patterns obviously
demonstrate the secondary motion induced by fluid
transfer from the inner wall to the outer of the bend,
resulting in flow separation. [9] have established a
physical model of a 90° bend pipe with diameters of
27.3cm, 37.7cm, and 42.6cm, and analyzed numerically
the error of flow measurement in various measuring
location after elbow by using finite volume method. The
results indicate that the upstream in elbow produces local
fluid disruption, resulting in a quasi-distribution of fluid
velocity in the downstream pipeline, which has a
considerable impact on the flow measurement variance an
the accuracy of supersonic measurement of flow at
different points. When pipe radius increases, the degree of
fluid flow velocity variation decreases, but the accuracy of
flow measurement diminishes. The wider the pipe
diameter in the whole range of flow measurement, the
narrower the fluctuation period of a relative error.
Specifically, improved the precision of flow measurement
[10] have studied numerically the factors influencing and
encouraging displacement of water at the elbow of a
horizontal-upwardly inclined pipeline with diesel oil and a
27 mm inner pipe diameter 3D. As the restricted volume
rises, the minimum oil speed required to initiate water
displacement lowers. With increasing superficial velocity,
velocity of water increases in a straight line. [2] evaluated
the oil-water flow in three distinct elbow configurations to
explore the corrosion-prone properties of elbow designs
and used the (VOF) approach and the (RNG), k- model.
For all configurations of flow, the highest mass transfer
coefficient and shear stress of the wall are found at the
intrados of the elbow. Nonetheless, water does not directly
interact with the elbow’s intrados in horizontal-upward
and horizontal-horizontal, making it far less corrosive.
When all this was complemented with a water wetting
process study, it was determined that the horizontal-
downward elbow flow had the highest corrosion danger
The horizontal-upward elbow flow was the lowest of the
three tested designs, while the horizontal-horizontal elbow
flow was in the center.

2. Mathematical modeling

The VOF is simple, effective approach was used to model
the oil-water elbow flow because it solves the equations of
momentum and records the volume percentage of fluid in
a control body.

Fig.1 Oil pipeline

2.1. Assumptions of flow:

The assumptions were made through the building of the
mathematical model as follow:

1. Two phase flow

2. Unsteady state (transient) and turbulent flow.

3. Non slip flow.

4. The two fluids is incompressible with constant
properties.

5. Newtonian flow.

2.2. Governing equations:

2.2.1 The model equations:
The following are the continuity, momentum, and volume
fraction equations used in the calculations [11],

3,0 i
o'V P00 1)
== +V(pu X w) = ~Vp + pg + [W(Vu+vu] + F,
} 2)

“FE22 47 (pol)=0, ©)

The volume of the mixture is equal to the total of the
volumes of the components, as follow:

Oyt 0=1, 4)
and the density of the mixture may be stated as follow:

Pm=0oPotowpPw , (5)
where:
Linear combination equation was adopted to calculation
the viscosity of the mixture:

Hm=0opo+ (1-00) by , (6)
The surface tension equation between the two phase

considered as:
pVa,

F Ok %(po‘i'/)w)’ (7)
k=Vei, (8)
n : the surface normal vector.
A= )
In|’
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which defined as the gradient of the oil volume fraction
n=Va,, (10)
where;
K : the curvature.
n”: the unit vector.
The following equation may be used to substitute the
normal vector of the unit surface of the unit body adjacent
tothe wall :
A=AWC0SO,,+twsino,, (11)

2.2.2. Turbulence model

To predict whether a flow condition is laminar or
turbulent, the Reynolds number (Re) is used, which
indicates the ratio of inertial forces to viscous forces,

uD
Re:p h’

(12)

U
Where: Dh is the hydraulic diameter.

The RNG k-¢ model was adopted, because of its
accuracy, and economy across a wide range of topics of
turbulent flows, standard k-¢ is widely used in industrial
flows, which explains its popularity and its equation is as
follows:

The turbulent kinetic energy:

]

5 (PK)+Ve(pku) = V * [(akpterr )V * K] + Gy +
Gb_pg_YM"'Sk, (13)
The specific dissipation rate:

]

o (PE)+V.(pew) = V.[(aeperr )V.€] + Cie g% (Gy

2
+C3, Cp)— Cyee % —Re + Se, (14)
Herr=H (15)
K
H=p Cy ? (16)

where Leff is the effective viscosity, . is the turbulence
viscosity, and the value of C;.and C,, are 1.42 and 1.68,
respectively. C, is 0.0845, [12].
To calculate the total pressure drop, the following equation
is used:

AP:P27P1 (17)
The volume fraction was determined using the geometric
restructuring technique, and the momentum, turbulent
kinetic energy, and turbulent dissipation rate were all
computed using a  second-order  discretization
methodology in FLUENT, transient, explicit calculation
and the time step was adjusted to 0.01 s.

3. Numerical method
3.1 Boundary condition:

e The inlet boundary conditions are as follows:
The mixture velocity is 1 m/s and the aw is 25%,
the two fluids enter separately to the pipe

e  The wall boundary conditions are as follows:
The wall is no-slip boundary condition.

e The outlet boundary conditions are as follows:
The outlet pressure is 0 MPa.

3.2 The properties of fluids:

Table (1) shows the physical properties of the fluids
utilized in this work[12]

Table 1.The oil and water properties

Parameter Value
Po 790 kg/m3
Pw 1000 kg/m3
U, 0.0016 Pa.s
Uy 0.00103 Pa.s
o 0.043 N/m

3.3.Geometry creation:

The Fluent's initial step in simulation is to create or
draw the geometry of the investigated model or problem.
This process is carried out with the help of ANSYS
Workbench, which is a software environment for creating
geometry and generating the needed mesh, as well as
performing thermal, structural, and electromagnetic
studies. In this thesis, the ANSYS Workbench 2021,R2
software was used to draw and generate the appropriate
mesh for the elbow pipe model. The ANSYS Workbench
of program includes a wide range of capabilities for
drawing simple and complicated geometries.

3.4. Creating meshes:

After designing the analyzed model, the second needed
step for completing the CFD simulation is to generate the
appropriate mesh. Creating a polyhedral or polygonal
mesh that approximates the geometric domain is known as
mesh generation. Because of the many usage of
computational mesh in physical simulations such as finite
element or computational fluid dynamics to solve three-
dimensional continuity, momentum, and energy equations,
it has always been the topic of intense researches. For this
study, ANSYS Workbench 2021,R2 was used, which
includes a variety of meshes such as hexahedral and
tetrahedral, as well as structured and non-structured
meshes. as seen in the fig. (2).

o mw 20008 gmen

00 nm

Fig.2 Mesh generation.

3.5. Mesh convergence test
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In order to get a reliable results and do not depend on
the mesh size of the model a number of mesh size has
been taken until a convergence has been obtained. Figure
below shows the convergence of the maximum pressure in
the pipe with mesh number. As shown the curve after
82904 mesh elements the curve became nearly horizontal.
Which mean that the maximum pressure or the solution
results no more dependent on the mesh size. Also the
percentage change in the results between two results
obtain in to different mesh size. It is value was 18%
between meshl and mesh2, 23% between mesh2 and
mesh3, 4.9% between mesh3 and mesh4 and 2.5%
between mesh4 and mesh5 which is an acceptable value
and fall in the range of the acceptable tolerance for the
mesh which is (1-5)%.

1400 30503

1200

145909

1000
800
600
400

200

maximume pressure inthe pipe (pa)

0

0 20000 40000 60000 80000 100000 120000 140000 160000

mesh number

Fig.3 Comparison of the different numbers of grid used to
the model.

The percentage change was calculated according to the
equation

percentage
Change:(d)_(at first mesh — ¢_(at second mesh)

¢_(at first mesh)

x100%
Where: ¢ is a result variable, which is the pressure in this

case.

Table 2 List the value of the maximum pressure, mesh
number and the percentage change.

Number of R Percentage
itz elements pressure change %
(pa)
Mesh1 30503 1305
Mesh2 55035 1103 18%

4. Results and Discussion

4.1.The verification:

The current simulation process was validated with [2].
Where the same model dimensions and fluids properties
are repeated for the same process. The reference paper
used oil and water flow in 90 degree elbow with mixture
velocity of 1.05 m/s and the entrance split to two regions.
The water volume fraction was 0.25 in inlet2. Also the
plane where the results was taken is at the start of the
elbow. The comparison of the results shows 4% difference
between the current results and the reference paper. this
difference comes because the difference between the time
step size where in the current simulation the time step size
was 0.001 where it was 0.0001 in the paper and also
because of the difference in the grid distribution, where in
the paper used inflation layer has 0.1 mm thick near the
wall , in the current simulation these was not used because
it is time-consuming and require a higher computational
time so it was ignored.

Mesh3 82904 892.2 23%
Mesh4 115090 915.2 4.9%
Mesh5 145909 939.1 2.5%

Fig.3 Distribution of :(a) Water volume fraction in the
paper [2] (b) Water volume fraction in this thesis
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Fig.4 Comparison of the current study results and that of
[2] for the water volume fraction with the dimensionless
number high.

Fig.5 The configuration the inlet of the pipe in current
study and [2]

4.2. Distribution of water volume fraction.

At inlet velocity of mixture 1m/s, and 25% water volume
fraction, figs.(6) the flow in the horizontal pipe is stratified
where the oil is flow over the water due to its low density
and there is slight water dispersing into the oil. The flow
pattern in the elbow was annular where the water formulas
a layer around the walls of pipes and the oil in the center.
In the vertical pipe the flow start to be rotational due to
the change of momentum when the velocity change its
direction, where the elbow work as a deflector to the
velocity.

0
0 90°
+3.000e-01 0
o 2.000e-01 45
1.000e-01
0.0000+00 1
r
0
90
z
- : o .
0 0.350 0.700 (m) I—o v
45 00 0475 S Ta—

Fig.6 The ContOLJr of distribution of water fraction ayy
=25%.

At the same inlet velocity of mixture 1m/s, and 50%
water volume fraction, there was no big different in the
result of previous case in horizontal pipe which is
stratified and the elbow where the flow was semi-annular.
In the vertical pipe, when the water is squeezed out of the
tube's center, it forms a thin film on the wall (form in a
ring of water). As shown in fig.(7).

A ey

0 0300 0,600 (m)

e

Fig.7 The contour of distribution water fraction oy=50%.

0.150 0.450

When the water volume fraction is 75%, at the same
inlet velocity of mixture 1 m/s, the flow in the horizontal
was stratified with water droplet, the flow pattern in the
elbow also annular shape but the water layer is thicker
than this in the previous cases and the intrados are not wet
with water, under the influence of gravity, water would
fall back into elbows, forming a stagnant water region. In
the vertical pipe the centrifugal force spilled the water to
the wall but also due to the gravity which its direction is
opposite to the gravity centrifugal force the oil dispersed
in the water.

View1 ¥

OO

Fig.8 The contour of distribution of water fraction
on=75% .

At the inlet mixture velocity 2m/s, and elbow angle 67°
and 25% water volume fraction, the flow in the horizontal
pipe is wavy stratified with mixing layer of oil and water
at the interface, in the elbow the flow is semi-annular due
to the centrifugal force, in the vertical pipe the flow is
rotational flow and its pattern is wavy stratified. As shown
in fig.9.
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Fig.9 The contour of water fraction o, =25% ,67° elbow
angle and inlet mixture velocity 2m/s.

At the inlet mixture velocity 2m/s, 90° elbow angle
25% water volume fraction the flow in the horizontal pipe
is wavy stratified with mixing layer of oil and water at the
interface, in the elbow the flow is semi-annular due to the
centrifugal force, in the vertical the water is very thin layer
on the wall and then a layer of dispersed oil in water and
the oil in the center. As shown in fig.(10). The buoyancy
impact was still significant in comparison to the inertia
effect, and a clear water layer flowed through the conduit's
bottom part. With the rise in oil percentage, the thickness
of this water layer reduced.

Fig.10 The contour of water fraction a,, =25%, 90° elbow
angle and 2m/s inlet mixture velocity.

4.3..Distribution of velocity

The distribution of the velocity for 1m/s inlet mixture
velocity,25% water volume fraction at 90° elbow angle
presented in Fig.11, the mixture velocity at the walls is
zero, in the horizontal pipe the velocity increase gradually
toward the center of pipe. The maximum values occur at
the intrados of the elbow and in the vertical pipe at the
outer wall due to the washing of the oil phase.

N—

0 0.350

==

0.700 (m)

0175 0525

Fig. 11 Distribution of velocity at ay =25%, inlet mixture
velocity 1m/s.

When the water volume fraction is 50%, the

distribution of the velocity for 1m/s inlet mixture at 90°
elbow angle presented in Fig.12, the mixture velocity at
the walls is zero, in the horizontal pipe the velocity
increase gradually toward the center of pipe. The greatest
values are seen at the elbow's intrados. and in the vertical
pipe at the outer wall due to the washing of the oil phase.

0.700 (m)

0.175 0525

Fig. 12 Distribution of velocity at ayw =50%, inlet mixture
velocity 1m/s.

Fig.13 Distribution of velocity at oy =75%, inlet mixture
velocity 1m/s.
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Fig.16 Distribution of pressure in 45° degree elbow, auy
=25%.

Fig.14 Distribution of velocity at a, =25%, 67° elbow
angle, inlet mixture velocity 2m/s.

k B H
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1.75e+05 52505

Fig.17 Distribution of pressure in 67° elbow angle, o=
25%.

Fig.15 Distribution of velocity at o, =25%, 90° elbow
angle, inlet mixture velocity 2m/s.

4.4, Distribution of pressure.

The distribution of pressure when the water volume
fraction is 25% at three elbow angles (45°, 67°, 90°) degree
shown in figs,(16),(17),(18). The  pressure in the
horizontal pipe at its maximum value at the beginning of
the pipe and it is gradually decrease due to frictional
pressure drop in the pipe. And it’s at its maximum value
at the extrados of the elbow. In the pipe after elbow, the \
pressure start decrease due to the vortex flow and
backflow and it’s reach its minimum value at the end of
the pipe.

:
;
3
1§

0175 0525

Fig.18 Distribution of pressure in 90° elbow angle, a,=
25%.

The relation between the pressure drop in the pipe and the
elbow angle with constant water volume fraction a,=
25%. shown in the fig.19. The lowest pressure drop
happens at 67° elbow angle, but the highest at 90° .
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Fig.21 Distribution of pressure in 90° degree elbow, oy
Fig.19 The relation between the pressure drop in the pipe =50%.
and the elbow angle.

Then the effect of water volume fraction on pressure drop
with one elbow angle (90°) is studied . The water volume
fraction (25%,50%, 75%) are studied and the result
shown in the figs.(20),(21),(22). The pressure distribution
in the fig.(4-19) show that the flow which inter the pipe is
at its maximum value of pressure and then decrease in the
straight pipe , when it enters the elbow there is two region
of pressure, high pressure region at the extrados and low
pressure at the intrados. Because the change of direction of
flow due to the centrifugal force the pressure at the
downstream decrease until reach to the outlet pressure (0
Mpa).

The fig.(20) shows the distribution of pressure in 90
degree elbow, oy, =25%, which it decrease along the pipe. Fig.22 Distribution of pressure in 90° degree elbow, ow
=75%.

The fig.(23) shows the relation between the water volume
fraction and the pressure drop which it’s increase by
increasing of water volume fraction.

1800
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0175 0525

200

Fig.20 Distribution of pressure in 90° degree elbow, a 0 01 0z 03 04 05 06 07 08
:25% water volume fraction %

Fig.23 The relation between the water volume fraction and
the pressure drop.
5. Conclusions

In this study, the ANSYS fluent 2021 R2, the VOF
method the RNG k-¢ model were used to simulate three
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dimensional turbulent flow of the oil and water flow in
elbow pipe.

The numerical method's accuracy was verified by
comparing the findings to existing data. The results
displayed reasonable agreement. after which they
investigated the flow characteristics.

The following are the main conclusions:

1. In all three water volume fraction, The flow in the
horizontal pipe is stratified where the oil flows over the
water due to its low density, and there is slight water
dispersed into the oil. At the elbow, the flow becomes
annular gradually due to the influence of the centrifugal
force. In the vertical pipe, the flow was rotational due to
the change of momentum when the velocity changes its
direction, where the elbow works as a deflector to the
velocity.

2. The mixture velocity at the walls is zero. In the
horizontal pipe, the velocity increases gradually toward
the center of the pipe. Maximum values are found at the
elbow's intrados and the vertical pipe's outer wall.

3. The pressure distribution at 450, 670, and 900 degree
elbows when the aw is 25% is high at the entry and
gradually decrease as it flows towards the pipe's exit.
During the extrados, it was at its maximum value.

4. The pressure drop directly proportional to the water
volume fraction

Abbreviations :

Symbol Definition

C1 Coefficient in equation

C2 Coefficient in € equation

C3 Coefficient in € equation

D Diameter of pipe

Gy Generation of turbulent kinetic energy
due to mean Velocity gradient

Gy Generation of turbulent kinetic energy
due to buoyancy

F Surface tension term

g Acceleration of gravity

G Generation of turbulence kinetic energy,

K turbulence kinetic energy

L Length

n Unit normal vector to a surface

CX0U+™D

<&

Greek Symbols

P
u

o
o
(495
aS

Unit normal vector

Unit tangent vector

Pressure

Reynolds number

Velocity

User-defined source term

User-defined source term
Contribution of fluctuating dilatation in
compressible turbulence to overall
dissipation in Compressible turbulence
affecting overall dissipation rate.

Density

Viscosity

The surface tension coefficient
Phase volume fraction
Inverse effective Prandtl number for k
Inverse effective Prandtl number for ¢

Unit

Kg.m-3
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