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Abstract 

In the present study, a 3D two-phase CFD simulation has been performed to investigate crude oil-water core annular flow 

through a crude oil transport pipeline in a real scale with 100 mm diameter and 1000 m length. Results of pressure 

profile and volumetric fraction distribution of the crude oil and water phases are analyzed. It was verified that the heavy 

oil core surrounded by a water film flowing in the pipeline considerably decreases pressure drop in the crude oil 

transportation pipeline and therefore reduces the pumping power consumption (about 50%). The results revealed the 

water film is formed near the pipe wall at the beginning of the flow but this annular pattern does not remain until the end 

of the pipe and is destroyed after about 4 meters from the pipe inlet. 
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Introduction 

The petroleum is the most important sources in the 
world energy sector. Over the past decades, high demands 
for oil products and therefore increase in crude oil 
extraction have led to depletion of light oil reserves. 
Nowadays in the world a great number of oil reserves are 
heavy type. Crude oil is often extracted from remote 
locations away from refining plants. Generally crude oil 
has been transported via pipelines. Due to its unfavorable 
characteristics (high viscosity), the transport of heavy 
crude oil is complex, costly and requires a large amount of 
power to pump it. In recent years, different methods have 
been proposed to solve this problem such as heating the 
crude oil (with electrical heating or the injection of a 
heated fluid), using steam to forming oil-in-water 
emulsions, injection of light oil or other additives, and 

using water-lubricated transport or core annular flow [1-
3]. The core annular flow is a technique to form a water 
film in the pipe that surrounds the oil. The presence of 
water film avoids contact of crude oil with the pipe walls 
and therefore reduces the pressure drop by friction. 

 
Previous studies have investigated crude oil 

transportation using the core annular flow technique. 
They have reported the core annular flow is an effective 
method that can be used in pipelines to transport heavy 
crude oils [4-9]. 

 
The hydrodynamics of two phase (oil-water) core 

annular flow is substantially complex as there are 
interaction between the phases and between any 
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individual phase and the pipe wall. In the recent years, 
Computational Fluid Dynamics (CFD) has become a 
robust tool for modeling oil-water multiphase flows. CFD 
is a branch of fluid mechanics that predicts flow 
hydrodynamics by numerical solving the governing 
equations. Several researchers have studied oil-water 
core annular flows in different pipes (curved, vertical, 
horizontal) and fittings (bend, tee, etc.) using CFD [1,2,10-
15 ]. Previous studies have covered many aspects of oil-
water core annular flows. However their simulations have 
been performed for the short length not in real scale. 
Therefore the aim of this study is to simulate a pipeline in 
the real scale and evaluating effect of core annual flow on 
total pressure drop of the crude oil pipeline. 
 

Geometry and Mesh Generation 

In this numerical simulation, 3D geometry was used. 
The simulated pipeline was a horizontal carbon steel pipe 
with 100 mm diameter and 1000 m length. A crude oil 
core flow with 80 mm diameter and a water film with 10 
mm depth were considered in the pipe. Figure 1 sketches 
the computational domain for this pipeline. 
 

 

 

Figure 1: Computational domain of crude oil-water 
pipeline. 

 
 

Geometry and grid were consolidated using 
GAMBIT2.4.6 software. Structured meshing with 
hexahedral elements was implemented near the pipe wall 
since a thin water film is expected here. Therefore, a 3D 
grid with 177450 hexahedral elements was generated for 
each 10 m of pipeline (computational domain). A chunk of 
the generated mesh used in the present study is depicted 
in Figure 2. 

 

 

Figure 2: The generated mesh used in the present 
study. 

 

Mathematical Modelling and Governing 
Equations 

In this study, the two-phase Volume of Fluid (VOF) 
approach was used for modelling the crude oil-water core 
annular flow in the pipeline. This approach models two 
immiscible fluids (oil and water) by solving a single set of 
momentum equations and tracking the volume fraction of 
each of the fluids throughout the computational 
domain. The following mass and momentum conservation 
equations are implemented in the VOF model [2,12,16]. 
 
The continuity and α-equation for phase q: 
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Where 𝑢𝑞, ρq, Sq and αq are velocity, density, mass source 

term and volume fraction of phase q, respectively. 
𝑚 𝑝𝑞and𝑚 𝑞𝑝 characterize mass transfer between pth and 

qth phases. 
 
The momentum equation: 
A single momentum equation is solved throughout the 
domain, and the resulting velocity field is shared among 
the phases.  
 

𝜕

𝜕𝑡
 𝜌𝑢 + ∇.  𝜌𝑢𝑢 = −∇𝑝 + ∇.  𝜇(∇𝑢 + ∇𝑢𝑇 + 𝜌𝑔 + 𝐹 (3) 

 

https://en.wikipedia.org/wiki/Fluid_mechanics
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Where ρ,𝑢,p, µ, 𝑔 and 𝐹 are density, velocity, pressure, 
viscosity, gravitational acceleration and body force, 
respectively. 
 

Physical Properties of Fluids and Boundary 
Conditions 

Table 1 lists the considered characteristics of the crude oil 
and water [17]. 
 

Property Crude Oil Water 

T (°C) 25 25 

µ(Pa.s) 2 0.001 

ρ  kg/m3  863.5 998 

oil-water interfacial tension (N/m) 0.022 
 

Table 1: Considered physical properties of the crude oil 
and water.  
 
Table 2 summarizes the applied boundary conditions in 
this study. 
 

Item Boundary Condition 

inlet 
water velocity inlet  40 mm ≤ r ≤ 50 mm = 

 2 m/s 

 
crude oil velocity inlet (r < 40 mm)= 2 m/s 

outlet out flow 
Pipe wall non-slip wall 

Table 2: Applied boundary conditions. 
 

Simulation Procedure 

Using ANSYS Fluent18.1, the finite volume method was 
implemented to discretize the differential equations of 
continuity and multiphase flow (VOF) in the 
computational domain. To calculate the pressure field, the 
Coupled algorithm was used for coupling pressure and 
velocity equations for the two phases. The Coupled 
algorithm solves the momentum and pressure-based 
continuity equations together. The PRESTO! and second 
order upwind scheme were applied for interpolation of 
the field variable from cell centers to faces of the control 
volumes. The convergence criteria were set at 10-3. The 
numerical simulation was run with an Intel® Core i5 CPU 
(2.2 GHz) and 4GB RAM; the results were converged after 
6600 iterations and the run time was about 9.5 hr. 
 

Results and Discussion 

Volume Fraction Field 

Figure 3 shows the volume fraction of oil phase in the 
pipeline. The results reveal that the water film is formed 
near the pipe wall at the beginning of the flow but this 

annular pattern does not remain until the end of the pipe. 
Figure 4 shows the volume fraction of water phase in the 
cross section of pipe at different distance from the pipe 
inlet. This figure shows the presence of water film near 
the pipe walls. However, the annular flow pattern is 
destroyed after about 4 meters from the pipe inlet. This is 
because the oil phase is less dense than the water phase 
and tends to concentrate in the upper part of the pipeline. 
 
 

 

Figure 3: Volume fraction of crude oil in the pipeline. 
 

 
 

 

Figure 4: Volume fraction of water in the cross section 
of pipe at different distance from the pipe inlet. 

 
 

Pressure Field 

In order to evaluate the effect of core annular flow on 
the pressure profile of pipeline, the CFD modeling was 
repeated in the case of single phase crude oil flow. The 
pressure profile for single phase flow in the pipeline (with 
10 m length) is shown in Figure 5. 
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Figure 5: Pressure profile for single phase crude oil 
flow in the pipeline. 

 
 
Figure 6 presents the pressure profile of two-phase 
(crude oil-water) flow in the pipeline. 
 

 

 

Figure 6: Pressure profile for two phase (crude oil-
water) flow in the pipeline. 

 
 

Comparison of pressure drops in the pipeline (with 20 
m length) for two cases of single (crude oil) phase and 
core annular flow is depicted in Figure 7. The results 
illustrate a lower pressure drop in the pipeline for oil-
water core annular flow, especially in the region that the 
annular flow pattern is not destroyed yet (up to about 4 
m). Figure 7 shows using core annular flow technique 
reduces contact of crude oil with the pipe walls and 
therefore decreases pressure drop in the crude oil 
transportation pipeline significantly (about 50%).  
 

 

 

Figure 7: Pressure drops in the pipeline. 

Energy Efficiency 

According the pumping power that is needed to 
transportation of crude oil through the pipeline, the 
efficiency of core annular flow technique can be 
evaluated. Table 3 summarizes the required pumping 
power for crude oil transportation with and without using 
the core annular flow technique. 
 

Item 
Single (crude 

oil) phase flow 
Water-oil core 
annular flow 

Pressure drop in the 
pipeline (0 to 10 m) 

1.31 bar 0.57 bar 

Pressure drop in the 
pipeline (10 to 20 m) 

1.31 bar 0.68 bar 

Pressure drop in the 
pipeline (20 to 1000 m) 

128.38 bar 66.64 bar 

Total pressure drop in 
the pipeline 

131 bar 67.89 bar 

Flow rate 56.52 m3/hr 56.52 m3/hr 

Required pumping 
power (electrical) 

457 kW 236.9 kW 

Electrical power 
consumption in a year 

4003709 kWh 2074899 kWh 

Table 3: The required pumping power for crude oil 
transportation. 
 

According to the pumping power calculation, using 
core annular flow technique can lead to about 50% 
reduction in the pipeline pressure drop and pumping 
power consumption. 
 

Conclusions 

According to the results of CFD simulation of crude oil-
water annular flow in a pipeline, the conclusions are 
summarized as follows: 
 
1. The water film is formed near the pipe wall at the 

beginning of the flow but this annular pattern does not 
remain until the end of the pipe and is destroyed after 
about 4 meters from the pipe inlet. 

2. Using core annular flow technique reduces contact of 
crude oil with the pipe walls and therefore decreases 
pressure drop in the crude oil transportation pipeline 
significantly (about 50%). 

3. There is a significant decrease (about 50%) in the 
pumping power consumption for crude oil transport 
through the pipeline proving the efficiency of the heavy 
oils transportation using the core annular flow 
technique. 
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However it must be noted that the effects of other 

factors such as crude oil rheological properties, the actual 
route and slope of pipeline can be investigated to make 
more accurate analysis of the two-phase flow and get 
more precise results. These studies can be a base for the 
future research in this area. 
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