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Abstract: Oil–water annular flow is an efficient method of heavy oil transportation for energy-saving.
To deeply study the influencing factors of the energy savings of oil–water annular flow, this paper
compares the interface fluctuation and energy-saving situation of oil–water annular flow under
different pipe structures (such as straight pipe, sudden-contraction pipe, and elbow pipe), flow
parameters, and fluid properties. In the straight pipe, the flow parameters can impact the oil–water
annular flow pattern and the energy savings, and the interface fluctuation is consistent with the
energy savings. The stable oil–water core annular flow has slight interface fluctuation and significant
energy savings. At the same time, the influences of pipe structure and fluid properties on energy
saving are also analyzed. In the sudden-contraction pipe, the oil–water interface fluctuates, largely
due to the sharp changes in flow cross-section, which leads to reduced energy savings. In the elbow,
the oil–water interface fluctuates greatly due to the influence of centrifugal force caused by flow
direction variation, and also leads to a decline in energy savings. The effects of oil property or
annulus liquid property on the interface fluctuates, and the energy savings are analyzed; reducing
surface tension is an effective measure to provide an energy-saving effect. These results can provide
a reference for the design of heavy-oil-transportation pipelines, the analysis of interface fluctuation,
and the energy-saving evaluation of oil–water annular flow.

Keywords: oil–water annular flow; energy-saving effect; interfacial fluctuation; pipe type; surfactant

1. Introduction

Heavy oil–water annular flow is a potential method for heavy oil transportation,
whose center is heavy oil, and the annulus is water film. It could reduce the energy
consumption of heavy oil transportation in a pipeline [1] and is a low-carbon and cost-
effective transportation mode [2]. Even if the oil core sticks to the pipe wall, the pressure
drop of heavy oil flow with oil–water annular flow is still much smaller than that of only a
single heavy oil flow [3].

Since Isaacs and Speed proposed annular flow technology (oil–water core–annular
flow) in 1904 [4], which acted as water-lubricated transportation for heavy oil, it has
received attention from many researchers [5]. Charles et al. studied oil–water annular
flow, the parts of which were of equal density and different viscosity, and a theoretical
model was proposed to obtain the reduction in pressure loss and energy [5]. Hasson et al.
conducted an experimental investigation of oil–water annular flow and proposed a water
film rupturing condition and oil core break-up condition [6]. Bentwich studied the interface
shape and its influencing factors (interfacial tension, capillary forces, and so on), and found
that core–annular flow could reduce the pressure by 50% if the viscosity ratio of oil to
water was 20 [7]. Ooms et al. hypothesized that the buoyancy of a heavy oil core could be
balanced by the dynamic pressure of water annulus and attempted to discuss the stability of
oil–water annular flow by using hydrodynamic lubrication theory [8]. Oliemans et al. noted
the turbulent behavior in the core–annular flow and proposed empirical correlations for
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predicting wavelength (which could indicate the pressure gradient) and water holdup [9].
Bai et al. found a new flow pattern (bamboo waves and corkscrew waves) and noted
that the pressure loss was minimal under a particular flow rate of water and oil [10].
Miesen et al. used water mixed with sodium silicate solution to prevent the oil core from
sticking to the pipe wall [11]. Arney et al. presented the empirical relationship of holdup
and water cut and proposed the correlation of friction factor and Reynolds number [12].
Huang et al. studied the influence of oil core eccentricity on the friction factor and found
that the friction factor increases under increasing eccentricity [13]. Bai et al. simulated
oil–water annular flow to analyze the wave shape, wavelength, pressure gradient, and
pressure distribution [14]. Parda and Bannwart proposed a theoretical method to obtain the
pressure loss of oil–water annular flow in a vertical pipe and found that the pressure loss
of an oil–water annular flow was 45 times smaller than that of a single oil flow [15]. Kao
et al. compared the pressure distribution and wavelength of oil–water annular flow under
different turbulence models (such as the k-w model, the shear stress transport model) [16].
Ooms and Poesio showed that the lubrication force could counterbalance the buoyance
force for snake waves [17]. Bensakhria et al. found that the annular flow could reduce
pressure drops by 90% [18]. Rodriguez et al. determined the volume fraction of oil by
measuring the wave speed and wavelength [19]. Additionally, they further used the
analytical model to predict the wavelength, amplitude, and holdup ratio [20]. Jana et al.
showed that the range of annular flow was very limited [21]. Ooms et al. continued to
apply a hydrodynamic lubrication model to investigate the development of interfacial
waves [22]. Olce et al. performed experiments to analyze the instability of oil–water core
annular flow inside a pipe and found instability under some parameters [23]. Sharma et al.
presented the hydrodynamics of heavy oil–water annular flow inside a return bend and
found that the direction had a great influence on the phase volume fraction [24]. Kaushik
et al. investigated oil–water annular flow inside a sudden contraction and expansion
pipe, and they noticed that a pressure drop increased suddenly at the contraction while
decreasing steeply at the expansion [25]. Ooms et al. compared the pressure distribution
of the upper and lower regions of a pipe. The variations of pressure at these parts could
lead to wave variation [26]. Jiang et al. analyzed the pressure distributions of oil–water
annular flow in a return bend and optimized the operation and geometric parameters [27].
Abubakar et al. investigated the flow patterns of medium-viscosity oil and water flow in
a horizontal straight pipe and they revealed that the pressure gradients increased with
both mean speeds and inlet oil phase fractions [28]. Loh and Premanadhan conducted an
experimental study and found the occurring condition of the flow-transitions regime [29].
Shi et al. compared the accuracy of some pressure-drop models of annular flow, and the
flow pattern influenced the pressure drop [30]. Sarmadi et al. used a visco-plastic fluid
to eliminate the instabilities of the oil core and explored the impacts of input flow ratios
and interfacial shape on the pressure loss [31]. Garmroodi et al. simulated the waxy crude
oil–water annular flow in inclined pipes and indicated the regimes of pressure loss varied
with the dip angle of the pipe [32].

The above research can help us study the flow patterns of oil and water core–annular
flow and the relationship of pressure drops and flows and geometric parameters. A critical
component of core–annular flow is energy savings. Some research has involved the energy
analysis of annular flow. Brauner analyzed the energy factor of core–annular flow, which is
a function of the viscosity ratio of oil and water. They found that the energy factor increases
with the decrease in the density difference between the two fluids [33]. Rovinsky et al.
found that the energy factor, velocity distribution, and pressure-drop-reduction factor were
related to the viscosity ratio of oil and water. The energy factor increases as the viscosity
ratio increases and is influenced by the flow rate ratio [34]. Sharma et al. hypothesized
that oil–water core–annular flow would be stable to its minimum total energy. They used
the energy-minimization approach to investigate the pressure drop and flow pattern [35].
Al-Wahaibi et al. studied the energy of oil–water flow and found the polymer could
reduce the pumping energy by about 57.3% [36]. Coelho et al. reported that the energy
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savings of core–annular flow could be half of single heavy oil transportation [37]. Therefore,
investigating the energy-saving situation of oil–water annular flow can provide supporting
data for the design of parameters for heavy oil transportation, and it is worth continuing.

In the present work, the interface fluctuation and energy-saving situation of oil and
water annular flow in pipes with different structures (such as a horizontal straight pipe,
sudden-contraction pipe, and elbow pipe) are examined by using numerical simulation.
The influence factor of energy saving will be investigated, and these results will provide a
basis for optimizing the operation and geometric parameters for the pipelines design of
heavy oil transportation.

2. The Governing Equations

The data in this work come from numerical simulation. To track the two-phase
interface, Albadawi et al. compared LS (Level Set), VOF (Volume of Fluid), and CLSVOF
(coupled LS with VOF), and found that CLSVOF combines the advantages of VOF (mass
conservation) and LS (sharp interface) [38], so the CLSVOF approach is adopted for tracking
the oil–water interface, which involves the N-S (Navier–Stokes) equations and LS and
VOF equations.

2.1. N-S Equations

The N-S equations continuity equation, the momentum equation of two fluids, can be
described as [1,26,27].

∇ ·→u = 0 (1)

∂
(

ρ
→
u
)

∂t
+∇ ·

(
ρ
→
u
→
u
)
= −∇p +∇ · µ

(
∇→u +∇→u

T
)
+ ρ
→
g +

→
F σ (2)

where ρ is the fluid density, µ is the fluid viscosity, u is the velocity, g is the acceleration of
gravity, p is the pressure, and Fσ is the interfacial tension force.

Because the Reynolds number of water is greater than the critical Reynolds number,
the turbulence model needs to be used, and the standard k− ε model is used, which are
written as follows.

∂(ρk)
∂t

+ ∆(ρkU) = ∆
(

µt

σk
∆k
)
+ 2µtEijEij − ρε (3)

∂(ρε)

∂t
+ ∆(ρεU) = ∆

(
µt

σε
∆ε

)
+ C1ε

ε

k
2µtEijEij − C2ερ

ε2

k
(4)

µt = Cµρ
k2

ε
(5)

where k is the turbulent kinetic energy, ε is the dissipation rate, µt is the eddy viscosity, and
Eij is written as follows.

Eij =
1
2

(
∂Ui
∂Xj

+
∂Uj

∂Xi

)
(6)

The constants are taken as Cµ = 0.09, σk = 1, σε = 1.3, C1ε = 1.44, C2ε = 1.92.

2.2. LS Approach

In the LS approach, the LS function (φ) and Heaviside function (H) are set, which are
impacted by the VOF field (α), and their relationship is as follows [39]:

φ0 = (2α− 1)Γ (7)

∂φ

∂τ
= sign(φ0)(1− |∇φ|) (8)

φ(x, 0) = φ0(x) (9)
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where Γ is a dimensionless number, and Γ = 0.75∆x, ∆x is the cell spacing.

2.3. VOF Approach

In the VOF approach, the volume fraction α of oil and water complies with the
following conservation equation [1,26,27]:

∂α

∂t
+
→
u · ∇α = 0 (10)

The phase volume fraction α is written as

α =


0 water
1 oil

0 < α < 1 interface
(11)

For Equation (2), density ρ, and viscosity µ are written by using αo and αw, which are
described as

ρ = αoρo + αwρw (12)

µ = αoµo + αwµw (13)

ρw is the water density, ρo is oil density, αo = α is the oil volume fraction, while
αw = (1− α) is the water volume fraction; µw and µo are the water and oil viscosity, respectively.

In Equation (2), for the overall flow, Equations (8) and (9) are used for density and
viscosity. For each fluid flow, Equation (2) needs to be modified to the VOF (αo or αw) of
the fluid. For example, for the oil phase, Equation (2) is modified as follows.

∇ · αo
→
uo = 0 (14)

∂
(

αoρo
→
uo

)
∂t

+∇ ·
(

αoρo
→
uo
→
uo

)
= −∇p +∇ · µ

(
∇→uo +∇

→
uo

T
)
+ αoρo

→
g +

→
F σ (15)

In Equation (2), the external force is the surface tension force
→
F σ, and complies with

the CSF (continuum surface force) model. The CSF model is described by

Fσ = σow
αoρoκ∇αw + αwρwκ∇αo

0.5(ρo + ρw)
(16)

κ = ∇ ·
(

n
|n|

)
(17)

n = ∇αo (18)

where Fσ is the surface tension force (external force in Equation (2)), σow is the surface ten-
sion coefficient, n is the normal surface for wall adhesion, n = nwallcosθwall + twallsinθwall ,
θwall is the contact angle, nwall and twall are the unit normal vector and tangent vector to
the wall, respectively, and κ is the curvature.

In some cases, the heavy oil is considered as non-Newtonian fluid, and its viscosity is
modeled according to the power law, which is described as follows:

µ = K
( .
γ
)n−1 (19)

where K is a consistency index; n is a flow behavior index, both chosen empirically; and
.
γ

is the shear rate.
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2.4. Coupled LS and VOF (CLSVOF)

In the CLSVOF approach, the LS approach and VOF approach are coupled, and the
CSF model varies with the LS approach, which can be expressed as

Fσ,φ = σowkφδφ∇φ (20)

in which the delta function δφ is written as

δφ =

{ 1
2e (1 + cos(πφ

e )) |φ| < e
0 elsewhere

(21)

where e is the interface thickness, e = 1.5∆x.
The physical properties in Equation (2) can be computed by using the Heaviside function:

H(φ) =


0 φ < −e

1
2 [1 +

φ
e + 1

π sin(πφ
e )] |φ| ≥ e

1 φ > e
(22)

Some dimensionless numbers used in this work are described as follows [1,12,27,36].
(1) Water cut, εw

εw = Qw/QT (23)

where Qw is the water rate of flow, QT is the rate of total volumetric flow, and QT = Qw + Qo.
(2) The area-weighted average of oil volume fraction, αo

αo =
1
A

n

∑
i=0

αoi Ai (24)

where Ai is the area occupied by oil, and A is the area of the cross-section of the pipe.
αo could be obtained using the empirical formula proposed by Arney et al. [13], which

is expressed as
αo = 1− εw[1 + 0.35(1− εw)] (25)

(3) Head loss, hL
The head loss in the pipe should be in the form of the energy-saving index, and it can

be defined as
hL =

∆P
ρmg

(26)

where ∆P is the pressure drop, and ρm = εwρw + (1− εw)ρo is the mixture density.

3. Numerical simulation
3.1. Geometry

In these simulations, four pipe structures are considered as the flow domain, which
are the straight pipe, the sudden-contraction pipe, the elbow pipe, and the return pipe, as
shown in Figure 1.

3.2. Mesh Generation of the Flow Domain

The above geometries of the flow domain are meshed by ANSYS Workbench Mesh.
The results of the cell and node are listed in Table 1. Because the computational accuracy
can be influenced by the geometry’s discretization, in our earlier studies [1,40], the cell
convergence was validated, and we concluded that this cell number was sufficient.

3.3. Solution Strategy

The package OpenFOAM and the package Fluent are used for these simulations. The
CLSVOF model is employed to describe a clear interface between oil and water. In the
OpenFOAM package, the pressure–velocity coupling is performed by the PISO scheme.
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A second-order upwind scheme is used for momentum, turbulent kinetic energy, and the
dissipation rate [1]. In the Fluent package, the pressure–velocity coupling is implemented
by the SIMPLE (Semi-Implicit Method for Pressure Linked Equation) algorithm. The
turbulence model adopts standard k-ε [39]. The convergence criteria are chosen according
to the residual value of the calculated variables (such as mass, velocity components, and
volume fraction). For computational cases in both packages, the convergence criterion is
set to be 10−3 for all variables.
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Table 1. The cells and nodes of flow domains.

Flow Domain Number of Cells Number of Nodes

Horizontal pipe 225,240 231,495
Sudden-contraction pipe 1,987,200 2,020,681

Elbow pipe 1,117,200 1,137,236
Return pipe 177,185 187,327

3.4. The Boundary Conditions and the Parameters

For the horizontal straight pipe (using OpenFOAM solver, because it is easier to set
the periodic boundary conditions), a periodic boundary condition was employed in the
axial direction. The pressure drop was set at two ends and remained the same during the
calculation. The pipe wall was set to the no-slip, no penetration boundary condition [1].
The computational domain was initially filled with the ideal oil–water annular flow, in
which the initial oil core diameter d is given by the water volume fraction. The viscosities
of the two fluids were µo = 0.697 Pa·s and µw = 0.00067 Pa·s, respectively; the densities
were ρo = 901.49 kg/m3 and ρw = 993.15 kg/m3, respectively; and the interfacial tension
between the two fluids was σ = 1.6 ×10−2 N/m.

For other pipes (using Fluent solver, because it is more efficient), the oil velocity was
set at the core region, vx = voil , and the water velocity was set at the annulus region,
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vx = vwater; vwater, voil , adjusted according to the working conditions. The pipe wall was
set as a stationary, no-slip (vx = 0), no penetration (vr = 0) boundary. In addition, a contact
angle (θwall = 27

◦
) between water and pipe wall material was set at the wall. The pressure

outlet boundary was considered on the outlet [26–29]. The initial fluids were considered
with lube oil (ρo = 960 kg/m3 and µo = 0.22 Pa·s) at the center, and water (ρw = 998.2 kg/m3

and µw = 0.001003 Pa·s) at the annulus.

4. Results and Discussions

To validate the numerical results, seven cases are calculated, where εw is varied from
0.072 to 0.1293. The simulated results are compared with the empirical data, as presented
in Figure 2. It is evident that the numerical predictions are consistent with the empirical
results [12].
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Figure 2. Comparison of numerical and empirical results.

Furthermore, the head losses between the single oil flow and oil–water flow are
compared, under the conditions of the water cut being 0.19 and average velocity being
0.8–1.6 m/s, and the comparison results are depicted in Figure 3. According to Figure 3,
the energy savings of oil–water annular flow is very significant; this is because the water
film wrapped the oil flow in the center region and avoided the direct friction between
the oil core and pipe wall, which led to a smaller pressure drop. Figure 4 shows some
oil–water annular flow behaviors in the horizontal straight pipe. The oil–water interfaces
with different water cuts (εw) indicate that with the increase in the water cut, the interface
wave amplitude increases, the oil core floats above the pipeline, and the upper interface
wave amplitude is less than the lower interface wave amplitude.

4.1. The Effect of Flow Parameters

The parameters of oil and water core–annular flow impact transportation energy
consumption. As can be seen from Figure 3, the head loss increases when the average
velocity increases. The reason for this is that the flow resistance increases with the increase
in the flow velocity, resulting in the increase in the pressure drop.

The influence of the water cut on head loss is further investigated, which is shown in
Figure 5. With the increase in the water cut, the head loss increases. The reason for this is
that the smaller the water cut, the thinner the water film, and the smaller the resistance, the
smaller the pressure drop. This tendency shows no difference from the experimental data
of Al Wahaibi et al. [36].
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The core–annular flow is stable under certain flow conditions (the water cut is more
than 0.97 in this work). Only by stabilizing the annular flow can energy savings be achieved,
and the instability of core–annular flow will lead to a marked increase in transportation
energy consumption. Figure 7 depicts the top oil–water interface wave of oil–water annular
flow under stable and unstable conditions. After the interface wave experiences instability,
the interface wave crest will adhere to the pipe wall, the oil core will hinder the flow, and
an increase in the pressure drop will follow. Therefore, keeping an appropriate water cut
and flow rate (or average velocity) has an essential impact on the stability of core–annular
flow and energy savings.

4.2. The Effect of Structures

Figure 5 depicts the head loss difference between the horizontal straight pipe and
sudden-contraction pipe. In the present work, four different structures are considered (see
Figure 1), and the structural parameters of these pipelines are also changed.

For the sudden-contraction pipe, the sharp change of the flow section leads to a large
local head loss. While the oil–water core–annulus flows through in the sudden-contraction
pipe, via the action of secondary flow, a turbulent vortex is formed in the water annulus
at the diameter-reduction location, which destroys the stability of the core–annular flow,
increases the pressure drop, and leads to an increase in the head loss. According to
Figure 8, the oil–water annular flow is shown under different water superficial velocities
(vw = 0.1472− 0.8832 m/s). When the water velocity enlarges, the downstream oil–water
annular flow gradually reaches instability. As water velocity is larger than 0.736 m/s, the
annular flow downstream of the sudden-contraction pipe is unstable. Figure 5 also shows
that the head loss increases with the increase in the water cut, which is due to the oil–water
annulus leading to instability downstream.
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When the contraction area ratio of the sudden-contraction pipe is changed, the flow
pattern of core–annular flow is varied, and the local head loss is also changed, as shown in
Figure 9.

The elbow pipe, due to the change of flow direction, also produces a local head loss,
which increases the transportation energy consumption. Figure 10 represents the pattern of
oil–water annular flow and the head loss in the 90◦ elbow pipe. When the flow velocity
increases, the head loss increases. When the flow velocity exceeds 4 m/s, the oil–water
interface loses its stability.

Figure 11 compares the oil–water annular water head loss of elbows with different
curvatures. When the curvature is smaller, the centrifugal force is greater, the secondary
flow and vortex intensity are greater, and the interface fluctuation is more intense, resulting
in a greater local head loss. As the curvature increases, the pressure drop and the local
head loss decreases.
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For the return bend, the change of flow direction is greater than the elbow, resulting
in greater local head loss, as shown in Figure 12. When the flow velocity of water is less
than or much greater than the flow velocity of oil under certain conditions of initial water
holdup, the oil–water interface will be unstable, resulting in an increased head loss.

From the above analysis, the pipe structures impact the interface wave and energy
saving of oil–water annular flow. Reducing the variation of pipe structure (variation of
the flow’s cross-section and direction) is very helpful to keep the stability of the oil–water
annular flow and maintain a good energy-saving effect.

4.3. The Effect of Fluids’ Properties

When changing the properties of oil and water, the state of two-phase flow and head
loss will be changed. In the sudden-contraction pipe, four CTAC (cetyltrimethylammonium
chloride) solutions are selected to replace water (the water annulus is replaced by the CTAC
solution annulus). The surfactant can significantly inhibit the interface wave development
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and reduce head loss, as shown in Figure 13. Figure 13 compares the results between the
water annulus in the sudden-contraction pipe and the other four solutions’ annuli. The
higher the concentration of the surfactant solution in the solution annulus, the lower the
head loss, mainly because the surfactant reduces the surface tension.
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elbow; the oil and water velocity is 1 m/s).

Figure 14 shows the conditions of the top (Figure 14a) and bottom (Figure 14b) of
oil–water interfaces of the sudden-contraction pipe downstream with different surfactant
solution annuli (CTAC0 is pure water). The amplitude of the interface fluctuation decreases
with the increase in the surfactant concentration.
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When the property of the oil core is varied, the head loss is also varied. Five viscous
oils are considered, whose densities are the same, and viscosities are 0.697, 0.787, 0.9182,
1.335, and 1.9931 Pa·s, respectively. When the oil core viscosity increases within a specific
range, the head loss will gradually decrease, as depicted in Figure 15. After the oil core
viscosity increases, the oil core rigidity increases, the oil–water interface does not easily
destabilize, and the transportation pressure drop is small; this trend is in agreement with
the results of our previous work [1] on the fouling limit of oil and water annular flow.

In the oil–water annular downflow in a return bend with vso = 0.15 m/s and vsw = 0.3 m/s,
seven non-Newtonian oils (see Table 2) are simulated, and the impact of oil properties
on head loss are presented in Table 2. With the increase in density, viscosity, and surface
tension, the head loss increases, in which viscosity and surface tension are the main
influencing factors. As the interfacial tension increases, the interface wave instability of
oil and water increases. The oil core will break through the water film in the case of large
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interface fluctuations, causing wall adhesion and a pressure drop, which is consistent with
our previous analysis’s results [41].
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The above results reveal the consequences of fluids’ properties on the energy savings
of oil and water flow. Reducing the surface tension between the two fluids is an important
means to maintain the stability of annular flow and reduce energy consumption.
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Table 2. Physical properties of non-Newtonian oil [41] and hL.

Oil
Name

Density
(kg/m3)

Fluid
Consistency
Coefficient

Flow
Behavior

Index

Surface
Tension
(N/m)

hL under v
= 0.8 m/s

hL under v
= 1 m/s

CMC1 999.9 0.089 0.789 0.0714 0.130 0.152
CMC2 1000.0 0.469 0.658 0.0718 0.231 0.256
CMC3 1000.4 0.972 0.615 0.0727 0.264 0.275
CMC4 1000.8 0.00218 0.948 0.0735 0.129 0.143
CMC5 1001.2 0.00419 0.910 0.0745 0.133 0.148
CMC6 1001.3 0.00588 0.871 0.075 0.141 0.151
CMC7 1001.5 0.00692 0.850 0.0755 0.146 0.161

5. Conclusions

Oil–water annular flow is an energy-saving approach for heavy oil transportation, but
its energy saving is impacted by flow parameters, pipe structure, fluid properties, and so
on. In this work, the influencing factors and trends of the energy saving of oil and water
flow are discussed, and the following conclusions are obtained.

The flow parameter is an essential factor in keeping the stability of oil–water annular
flow. Appropriate flow parameters (oil–water flow rate, water cut, etc.) should be used
to keep interface fluctuation slight and maintain the stability of annular flow, and a better
energy saving can be obtained.

The change of pipe structure impacts the energy-saving effect of core–annular flow. In
engineering practice, the change of pipe section and flow direction should be minimized so
as to reduce the chance of the core–annular losing stability and to keep good energy savings.

The variation of the two-phase fluid properties of core–annular flow influences the
flow state and energy-saving effect of annular flow, among which the viscosity and surface
tension have significant influence. Reducing the surface tension between the two phases
can help to achieve better energy savings.
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Oil–water interface fluctuation is bad for energy savings; the control methods of oil–
water interface fluctuation are different in pipelines with different structures. Interface
fluctuation is mainly inhibited by controlling flow parameters and adding a surfactant.
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