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Abstract: With the increasing demand for heavy oil, core annular flow (CAF) is an economical method
to transport heavy oil, and many researchers have explored the energy-saving aspects of the CAF
method. This paper presents a review of CAF energy saving and factors affecting CAF energy saving.
Among them, the energy saving of CAF mainly concerns the changes in pressure drop and drag
reduction efficiency; the factors affecting the energy saving of CAF mainly concern the problem of
stability, the issue of restarting the pipeline system, the impact of a nozzle, the impact of fouling on
the flow in the pipe, and the problem of oil–water accumulation. The aim of this paper is to provide a
reference for the practical application of CAF in heavy oil transportation.
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1. Introduction

Petroleum is one of the primary sources of energy and materials in the world and is
widely used in transportation [1], agriculture [2], pharmaceuticals [3,4], steel, and power
industries. Due to the decreasing petroleum resources in the world, especially the depletion
of light oil, many researchers have focused their research on the extraction of heavy oil,
and many studies have focused on transportation after extraction [5]. Heavy oil has a high
viscosity and poor flowability, and its transportation within the pipeline is difficult [6].
Heavy oil has a high drag when transported in the pipeline and requires a large pump
power. To reduce the drag of heavy oil transportation, many researchers have used wall
heating and dilution of heavy oil with solvents [7,8], but these methods are very expensive
to use and only suitable for transporting heavy oil over short distances, and the economic
efficiency and energy-saving efficiency are not satisfactory. Core annular flow (CAF) is an
effective drag reduction method, the principle of which is shown in Figure 1. During heavy
oil transportation, an outer ring of low-viscosity fluid (usually water) is used to wrap the
inner core of heavy oil in order to avoid direct contact with the pipe and reduce the drag
of transportation.
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1. Introduction 
Petroleum is one of the primary sources of energy and materials in the world and is 

widely used in transportation [1], agriculture [2], pharmaceuticals [3,4], steel, and power 
industries. Due to the decreasing petroleum resources in the world, especially the deple-
tion of light oil, many researchers have focused their research on the extraction of heavy 
oil, and many studies have focused on transportation after extraction [5]. Heavy oil has a 
high viscosity and poor flowability, and its transportation within the pipeline is difficult 
[6]. Heavy oil has a high drag when transported in the pipeline and requires a large pump 
power. To reduce the drag of heavy oil transportation, many researchers have used wall 
heating and dilution of heavy oil with solvents [7,8], but these methods are very expensive 
to use and only suitable for transporting heavy oil over short distances, and the economic 
efficiency and energy-saving efficiency are not satisfactory. Core annular flow (CAF) is an 
effective drag reduction method, the principle of which is shown in Figure 1. During 
heavy oil transportation, an outer ring of low-viscosity fluid (usually water) is used to 
wrap the inner core of heavy oil in order to avoid direct contact with the pipe and reduce 
the drag of transportation. 
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Figure 1. Principle of CAF [9]. (Red for oil and blue for water.)
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Oil companies have a long history of research on CAF. Isaacs and Speed first discussed
water lubrication of light oil in 1904 when they envisioned the stabilization of light oil by
centripetal acceleration generated by rifling the pipe [10]. Clifton and Handley of Shell
Development proposed a method to prevent pump oil emulsification by removing water
before pumping and re-injecting water into the pipeline after pumping [11]. A 55 km long
pipeline was used to study the CAF technology for transporting high-viscosity oil (1.5 Pa·s)
in Venezuela [12]. A fuel, Orimemulsion, produced in Venezuela and marketed by Bitor,
was also transported using the CAF method [13]. The heavy oil industrial pipeline built by
Shell Development in California is 38 km long and 15 cm in diameter. For many years, it
produced viscous crude oil at a flow rate of 24,000 barrels per day in a water-lubricated
condition [14].

The CAF method has better drag reduction than any other techniques [15]. Many
researchers have studied the variation in pressure drop and drag reduction efficiency in
CAF, stability problems, restarting of the pipeline system, the effect of nozzles, and the
effect of fouling in the pipeline on the flow using experimental and numerical simulations.
This paper provides a review of CAF energy saving and the factors affecting CAF energy
saving, to provide a reference for the practical application of CAF in industry.

2. Pressure Drop and Drag Reduction Efficiency

Brauner proposed a criterion for the existence of stable CAF. The criterion shows that
CAF can occur in a pipe when there is a large difference in the viscosity of the two fluids,
but not a large difference in density [16].

2.1. Horizontal Pipe

One of the earliest CAF studies dates back to 1949, when Clark and Shapiro proposed
a patent for transporting viscous oil by injecting oil and demulsifying agents into crude
oil pipe. The viscosity of the oil was 0.8–1 Pa·s. Their report shows that injecting 24%
water into the pipe could reduce the pressure gradient by 7.8–10.5 times; the best pressure
reduction was achieved when 8–10% water was injected [15].

Bannwart studied CAF in horizontal and vertical pipes. The research shows that inter-
facial tension prevents the core layer from splitting into smaller pieces, but its importance
decreases in larger pipes. The pressure drop of CAF is similar to that when only water is
present in the pipe [16].

Bensakhria et al., optimized the parameters affecting the CAF process using an exper-
imental method, which was conducted under a steady laminar flow at a moderate flow
rate. The viscosity of the oil was 5 Pa·s. The research shows that compared with the same
product without lubrication by the CAF method, the injection of water in the annular layer
in the pipe wall leads to a pressure drop reduction of more than 90%. A comparison of
the pressure drop with and without lubrication is shown in Figure 2. The pressure drop
decreases as the flow rate increases and the density difference of the fluid in the pipe is the
particular reason for the variation in the pressure drop with the flow rate [17].

Asiegubu and Asakura measured the pressure loss of CAF in three horizontal pipes
with inner diameters of 25, 52.7, and 80.1 mm, using high-viscosity oil as the core layer
and water as the annular layer. Oils with viscosities of 2.82 and 8.92 Pa·s at 20◦ were
selected. The research shows that the pressure loss is weakly correlated with oil viscosity
and oil–water flow ratio [18].

Rodriguez et al., collected the data on pressure gradients of oil and oil–water flow
by experimental methods in a steel pipeline. The length of the pipe was 274 m and the
diameter was 7.7 cm. The viscosity of the oil was 36,950 mPa·s. To quantify the gain for
transporting high-viscosity oil, the concept of the frictional pressure gradient reduction
factor was presented in the paper. The research shows that CAF increases the oil flow rate
by 7 times and reduces the pressure loss by 4 times, with a gain of about 150 times [19].

Andrade et al., used ANSYS CFX to model and numerically simulate the oil–water
flow in a horizontal pipe and a T-junction. The viscosity of the oil was 10 Pa·s. In the paper,
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the pressure and volume fraction distributions of CAF in the horizontal pipe and T-junction
were analyzed. The research shows that in the horizontal pipe, the pressure drop value
is 5220 Pa in the CAF mode. In the T-junction, the pressure drop value is 7324 Pa, which
is higher than that in the horizontal pipe, due to the inefficient transport of heavy oil in
contact with the pipe wall during the flow and the change in the flow mode from CAF to
stratified flow [20].

Energies 2023, 16, x FOR PEER REVIEW 2 of 27 
 

 

oil by centripetal acceleration generated by rifling the pipe [10]. Clifton and Handley of 
Shell Development proposed a method to prevent pump oil emulsification by removing 
water before pumping and re-injecting water into the pipeline after pumping [11]. A 55 
km long pipeline was used to study the CAF technology for transporting high-viscosity 
oil (1.5 Pa·s) in Venezuela [12]. A fuel, Orimemulsion, produced in Venezuela and mar-
keted by Bitor, was also transported using the CAF method [13]. The heavy oil industrial 
pipeline built by Shell Development in California is 38 km long and 15 cm in diameter. 
For many years, it produced viscous crude oil at a flow rate of 24,000 barrels per day in a 
water-lubricated condition [14]. 

The CAF method has better drag reduction than any other techniques [15]. Many 
researchers have studied the variation in pressure drop and drag reduction efficiency in 
CAF, stability problems, restarting of the pipeline system, the effect of nozzles, and the 
effect of fouling in the pipeline on the flow using experimental and numerical simulations. 
This paper provides a review of CAF energy saving and the factors affecting CAF energy 
saving, to provide a reference for the practical application of CAF in industry. 

2. Pressure Drop and Drag Reduction Efficiency 
Brauner proposed a criterion for the existence of stable CAF. The criterion shows that 

CAF can occur in a pipe when there is a large difference in the viscosity of the two fluids, 
but not a large difference in density [16]. 

2.1. Horizontal Pipe 
One of the earliest CAF studies dates back to 1949, when Clark and Shapiro proposed 

a patent for transporting viscous oil by injecting oil and demulsifying agents into crude 
oil pipe. The viscosity of the oil was 0.8–1 Pa·s. Their report shows that injecting 24% water 
into the pipe could reduce the pressure gradient by 7.8–10.5 times; the best pressure re-
duction was achieved when 8–10% water was injected [15]. 

Bannwart studied CAF in horizontal and vertical pipes. The research shows that in-
terfacial tension prevents the core layer from splitting into smaller pieces, but its im-
portance decreases in larger pipes. The pressure drop of CAF is similar to that when only 
water is present in the pipe [16]. 

Bensakhria et al., optimized the parameters affecting the CAF process using an ex-
perimental method, which was conducted under a steady laminar flow at a moderate flow 
rate. The viscosity of the oil was 5 Pa·s. The research shows that compared with the same 
product without lubrication by the CAF method, the injection of water in the annular layer 
in the pipe wall leads to a pressure drop reduction of more than 90%. A comparison of the 
pressure drop with and without lubrication is shown in Figure 2. The pressure drop de-
creases as the flow rate increases and the density difference of the fluid in the pipe is the 
particular reason for the variation in the pressure drop with the flow rate [17]. 

 
Figure 2. Comparison of pressure drop with and without lubrication [17]. Figure 2. Comparison of pressure drop with and without lubrication [17].

Tripathi et al., conducted a numerical simulation of CAF in a horizontal pipe using
ANSYS FLUENT. The annular layer of CAF was water and the core layer was high-viscosity
oil. The research shows that the lower the interfacial tension, the more stable the CAF.
When the interfacial tension is low, the pressure drop is also low, which is similar to that
when the pipe is a single-phase water flow. This shows that CAF is an economically viable
method [21].

Desamala et al., used ANSYS FLUENT to simulate the flow of moderate-viscosity
oil–water CAF in a horizontal pipe. The oil–water viscosity ratio was 107. The research
shows that the total pressure of the oil–water mixed fluid decreases with increasing oil
velocity in the CAF. The volume fraction of oil has a maximum value at the center of
the CAF, while in the stratified flow, the maximum value occurs at the upper side of the
pipe [22]. Desamala et al., conducted similar numerical simulations subsequently and
analyzed in detail the flow pattern and the predictions of the radial distribution of volume
fraction, pressure, and velocity [23].

Jing et al., analyzed the variation in stability and pressure drop of CAF by experimental
and numerical simulation methods. The range of oil viscosity was 1143.3–55,306.4 Pa·s.
The research shows that only the density difference affects the formation of eccentric CAF.
Proper adjustment of the viscosity difference helps maintain a stable CAF, and the pressure
drop decreases slightly as the viscosity of the heavy oil decreases. The velocity has the
greatest impact on the eccentricity degree of the CAF. Properly increasing interfacial tension
helps maintain CAF stability [24].

Lu et al., combined TRIZ and extenics methods to design a device containing a spiral
pipeline for maintaining the stability of the transport process of heavy oil. The viscosity of
the oil was 0.22 Pa·s. In the paper, a scheme for maintaining stability was designed based
on the principle of divergence analysis of a characteristic multi-value. The designed scheme
was optimized according to the goodness evaluation method and numerical simulation.
The VOF model and CSF model were used to numerically study the phase, pressure, and
velocity distributions. The development of CAF is shown in Figure 3 [25].
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2.2. Vertical Pipe

Parda and Bannwart conducted CAF upward flow experiments in a 1-inch vertical
pipe. The viscosity of the oil was 17.6 Pa·s. A theoretical approach to obtain the pressure
loss in the pipe is presented in the paper. The research shows that the frictional pressure
drop of CAF is 700–2000 times lower and the total pressure drop is 45–150 times lower than
those of a single-phase oil flow. The friction pressure drop is the total pressure drop minus
the gravity term of the mixture. The energy savings of CAF are more significant when the
two pressure drops are lower. The optimal water–oil input ratio is in the range of 0.07–0.5,
depending on the superficial velocity of the oil [26].

Ghosh et al., conducted a computational fluid dynamics (CFD) study to simulate the
downward flow of CAF in a vertical pipe. The viscosity of the oil was 0.2 Pa·s. The research
shows that the friction pressure gradient increases with the superficial velocity of oil and
water; however, the increase in the friction gradient is greater. It is also shown that, as
the water velocity increases, the core layer becomes a thin, wavy core layer. Wall shear
increases with increasing water and oil velocities and changes dramatically when a certain
oil velocity is exceeded [27].

Bannwart et al., conducted an experimental study in a 300 m deep oil well. The
viscosity of the oil was 2000 mPa·s. Compared to the case without lubrication, it was found
that the bottom hole pressure is reduced by 25% when oil–water CAF is created, which
indicates a significant reduction in frictional pressure drop. At a water volume fraction of
about 5%, it is possible for the oil flow in the CAF to reach 2.5 times the maximum oil flow
in a single phase [28].

Cavicchio et al., conducted CAF experiments in a vertical pipe. The range of oil
viscosity was 557–1729 cP. The slip ratio and holdup were measured in the experiments.
The measured friction pressure gradient of CAF is the same or even lower than that of pure
water flow. Compared to pure oil flow, a frictional reduction factor as high as 100 times
and a total reduction factor as high as 4 times were observed for the maximum oil viscosity
studied (1729 cP). The reduction factor increases with the increase in the thickness of the
annulus layer, and increases exponentially with the increase in the oil viscosity [29].
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2.3. Other Structural Types of Pipes

Brauner evaluated the potential of CAF configurations in reducing pressure loss for
the issue of scaled-up pipe sizes. The paper presents a model for predicting pressure drop,
etc., and the function of pressure drop and drag was derived. The core layer of the CAF
was laminar and the annular layer was laminar or turbulent. The research shows that the
pressure drop of CAF is similar to that of a lower-viscosity fluid flowing alone in a pipe.
When the annular layer is turbulent, the correlation between the pressure drop ratio and
the pipe diameter is weak [30].

Balakhrisna et al., studied the flow pattern changes and pressure profiles of high-
viscosity oil–water passing through a sudden-constriction and sudden-expansion horizon-
tal pipe and compared them with the low-viscosity oil–water flow. The viscosity of the
high- and low-viscosity oil is 0.2 and 0.0012 Pa·s, respectively. The CAF in the sudden
contraction pipe and sudden expansion pipe is shown in Figure 4a–e. The research shows
that there is no correlation between the change in pressure profile and the viscosity of the
fluid, and no correlation between the loss coefficient and the flow pattern [31].
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Sharma et al., studied experimentally the geometry of the bend and the flow di-
rection through the bend on the flow of low- and high-viscosity oil–water CAF. In this
case, the geometry of the bend was U-shaped and rectangular, and the CAF flowed up-
ward, downward, and horizontally. The viscosity of the high- and low-viscosity oil was
0.22 and 0.0012 Pa·s, respectively. The research shows that the pressure drop is higher for
rectangular bends compared to U-shaped bends. In the low-viscosity oil–water CAF, the
loss coefficients for each flow case are independent of the flow pattern; the research also
proposed two different pressure drop correlations for each bend geometry to estimate the
liquid–liquid pressure drop across the bend [32,33].

Jiang et al., numerically simulated the CAF through a U-shaped bend by CFD based
on the Eulerian model, and discussed the effects of flow parameters and annular layer
thickness on the CAF. The paper also compared the results of the Eulerian model and the
volume of fluid method (VOF) model. The initial viscosity of the oil was 0.22 Pa·s. The
research shows that higher oil density leads to an increase in the total pressure gradient. In
the turbulence model, the total pressure gradient first decreases to a minimum value and
then increases as the viscosity of the oil increases. The total pressure gradient gradually
decreases as the interfacial tension coefficient increases. The annular layer thickness affects
the total pressure gradient, as shown in Figure 5, where the pressure drop decreases and
then increases as the thickness increases. The pressure drop is lower when the thickness is
in the range of 1.25–1.75 mm [34].
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Jiang et al., used a VOF model and a continuous-surface-stress (CSS) model to numeri-
cally simulate CAF through a rectangular bend, as shown in Figure 6. The viscosity of the
oil was 0.22 Pa·s. The research shows that for pressure gradient and wall shear stress, its
variation is more correlated with oil density, fluid consistency coefficient, and flow behavior
index; the flow direction has little impact on it; it has a maximum value when the CAF
flows upward. When the aspect ratio L/D (L is the distance between the axes of the two
straight pipe sections in a ∏-bend, and D is the pipe diameter) of the bend is 14–21, the
oil–water inlet diameter ratio is 0.667–0.75, and the corner radius ratio (the ratio of the
radius of the corner elbow to the pipe diameter) is greater than 2.5, a more stable CAF may
occur in the ∏-shaped bend [35].
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Dehkordi et al., studied the high-viscosity oil–water CAF passing through three
pipe diameter configurations of sudden expansion pipes. The viscosity of the oil was
0.838 Pa·s. Numerical simulations were conducted in the paper using ANSYS FLUENT
and experimental validation was carried out. Characteristics of the two-phase flow, such as
pressure gradient, phase space distribution, and flow regime, were extracted. The research
shows that when the oil in the core layer is far from the singularity (location of sharp-edged
area change), the sudden expansion pipe will make its eccentricity degree and thickness
greater [36].

Coelho et al., studied the CAF flow in a 180◦ bend by an experimental method. The
viscosity of the oil was 2750 mPa·s. The experiments show that the maximum power
reduction factor obtained using the CAF method is 2.2, which implies a saving of half the
cost of transporting the same volume of oil [37].

Garmroodi and Ahmadpour conducted a numerical simulation of the flow of a high-
viscosity oil–water CAF in a gradually expanding inclined pipe. The gradually expanding
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inclined pipe is shown in Figure 7. The development of CAF is shown in Figure 8. The
research shows that for the overall pressure drop, the wax content of 2.3% and 5.5% reduces
it by 22% and 80%, respectively; when the expansion angle of the CAF domain is increased
from 3.7◦ to 45◦, it increases more than 4 times; when the inclination angle is increased in
the downward flow, it has a tendency of monotonic decrease; in the upward flow, it has a
local maximum near the inclination angle of 45◦; its variation with the inclination angle is
38% in the upward flow and 32% in the downward flow [38].
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Jing et al., conducted an experimental study of CAF flow in a horizontal pipe contain-
ing a 90◦ elbow. The viscosity of the oil was 1055.3 mPa·s. The variation in flow patterns
and frictional pressure gradients were discussed in the experiment to assess the effect of
the elbow on the stability of CAF development. The research shows that the elbow has
a negative impact on the downstream, which will make the friction pressure gradient
increase and the reduction factor and the transfer efficiency of oil decrease. To ensure a
high transfer efficiency, the water input component should preferably be controlled at a
critical threshold, while the oil flow rate should be increased to the limit [39].

Dianita et al., applied CFD methods to numerically simulate CAF through pipes of
two shape configurations. The pipes were configured with T- and Y-shaped junction pipes.
The viscosity of the oil was 0.838 Pa·s. The research shows that for the average value of the
pressure gradient and the standard deviation of the pressure drop, the pipe diameter of
both the inlet and the outlet has an effect on it, while the connection angle has no effect on
it. The design of T- and Y-shaped connection pipes is ideal when the connection angle and
outlet diameter are large, and the inlet diameter is small [40].

Jiang et al., studied the interfacial fluctuations of CAF. The viscosity of the oil was
0.697 Pa·s. The research shows that in a straight pipe, the head loss increases when the
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average velocity increases. In a sudden contraction pipe, due to the change in the flow
cross-section, interfacial fluctuations occur in the pipe, reducing energy saving. In a
bend, the change in flow direction creates centrifugal forces, which cause large interfacial
fluctuations in the pipe and also result in reducing energy saving. The research also shows
that changes in pipe cross-section and flow direction should be minimized to maintain
good energy saving. Decreasing interfacial tension also contributes to energy saving.
Interfacial fluctuations are mainly suppressed by adjusting flow parameters and adding
surfactants [9].

3. Stability

As shown in Figure 9, when the CAF changes from a steady to an unsteady state,
the oil sticks to the wall, which, in turn, reduces the energy saving effect. CAF maintains
long-term stability to show the advantages of CAF oil delivery. Therefore, it is necessary to
study the factors affecting the stability of CAF.
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Ooms et al., studied the flow of CAF in a horizontal pipe. The viscosity of the oil was
3300 cP. The paper concerned the equilibrium of buoyancy in the core layer. As shown
in Figure 10, the core of the flow model is a solid center whose outer layer is a high-
viscosity liquid. The development of interfacial waves was calculated using hydrodynamic
lubrication theory. The research shows that the interfacial waves produce pressure changes
and generate a net force on the oil core. When the pressure gradient over the pipe is large
enough, an equilibrium is formed between the buoyancy force and the hydrodynamic force
over the core layer, resulting in an eccentric CAF. As the pressure gradient decreases or the
buoyancy force increases, the eccentricity of the core layer increases [42].
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Selvam et al., studied the linear stability of variable viscosity, and miscible CAF. The
research shows that the flow is stable at any Reynolds number when the viscosity ratio is
less than a critical value. When the viscosity ratio is greater than the critical value, the flow
may be unstable even when there is a more viscous fluid in the core layer. For core layers
with low viscosity, the corkscrew mode is inviscidly unstable, while for the axisymmetric
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mode, it is unstable at a small Reynolds number and a high Schmidt number. In the normal
mode analysis, the perturbations are assumed to be periodic in the azimuthal direction
and β denotes its real wavenumber. The β values for the corkscrew and axisymmetric
modes are 1 and 0, respectively. Increasing the interface thickness makes the CAF more
stable. The flow is most unstable when the interface between the two fluids is located at
about 0.6 times the pipe radius. There is no sudden change in the stability of the radial
direction of the interface. The instability mainly originates from the less viscous fluid near
the interface [43].

Bassom et al., studied the stability of CAF when the interface of CAF was covered by
immiscible surfactants. The concentric CAF fluid layer was around a solid circular rod. The
research shows that with proper setting of the basic flow shear rate at the interface, the
CAF can flow stably under zero Reynolds number (in this reference, zero Reynolds number
is set in the stability analysis, which is not the actual flow state of zero Reynolds number).
If the viscosity of the inner fluid is greater than that of the outer fluid, the CAF can flow
stably when the inner layer is thin, but not when the outer layer is thin. If the annular layer
is thin enough, a conventional rodless CAF can be stable under zero Reynolds number [44].

Ooms et al., studied how to balance the buoyancy forces acting on the core layer in
CAF caused by the density difference between the core layer and the annular layer. The
viscosity of the oil was 0.601 kg/ms. The research shows that the buoyancy force drives the
core layer to start rising, and then it equilibrates with the forces generated by the motion
of the waves at the CAF interface. Finally, the core layer reaches the eccentric equilibrium
position. When the annular layer flows at high Reynolds number, the levitation of the
core layer is caused by inertial forces. This is because in the calculation without the inertia
term, the core layer rises until it touches the pipe wall. At low Reynolds numbers, the CAF
becomes eccentric and stable in both calculations with and without the inertia term. When
there is no inertia term, the viscous (lubricating) force generates pressure to counteract the
upward buoyancy force [45].

Chattopadhyay et al., discussed the temporal instability of viscosity stratified miscible
CAF in a slippery pipe. The physical mechanism of instability occurring in the double-
diffusive (DD) system is explained in the paper by energy budget analysis. The research
shows that slip has the dual effect of stabilizing or destabilizing the flow. The study can be
extended to consider the unmodular stability analysis of CAF, which makes it possible to
quantify wall slip effects [46].

Sahu studied the linear instability properties of CAF consisting of Newtonian fluid and
Bingham fluid. The paper focuses on the effect of yield stress on the stability of the annular
layer. The linear stability analysis shows that the corkscrew mode is more unstable than
the corresponding axisymmetric mode. The stability of the flow seems to be destabilized
by the Bingham number by changing the velocity configuration. The energy generated
by the viscosity disturbance gradient in the radial direction and the energy transfer from
the basic flow to the disturbance through the “Reynolds stress” term are responsible for
the instability. The critical Reynolds number for the corkscrew mode also decreases with
increasing Bingham number, indicating that the yield stress affects the instability [47].

4. Pipeline System Restart

Peysson experimentally studied the flow, stopping, and restarting of viscous heavy
oil. In this case, the heavy oil used water or brine as a lubricant. The viscosity of the oil
was 4.75 Pa·s. The research shows that by adding salt to the water phase, the system can
stop the flow for a certain time and restart without a large pressure. In the paper, different
salts were also tested, and the function between the amount of salt and restart pressure was
studied [48].

Strazza and Poesio restarted a CAF pipeline system with oil–water as a stratified state.
The viscosity of the oil was 0.9 Pa·s. The paper focused on the cleaning of the pipe with
water and studied the maximum pressure drop and the time consumed to clear the fouling
in the first phase of the restart. The pressure drop and time were used as a function of
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the standstill period, initial oil hold-up, and cleaning speed. The research shows that the
standstill period and the initial oil hold-up directly determine the initial maximum of the
pressure drop. It is possible to lower the pressure drop by gradually increasing the speed
of the cleaned water [49].

Alagbe conducted a numerical study of the shutdown and restart of the CAF in a
horizontal pipe. The viscosity of the oil was 3.3 and 10 Pa·s. The restart surges were
explored in the paper to help in pump specification design and selection. The research
shows that compared to the respective surges of oil and water, the surges of CAF are both
higher than them after the restart. Surges increase when the oil viscosity decreases [50].

Andrade et al., conducted a numerical study of the physical characteristics of CAF
using ANSYS CFX. The viscosity of the oil was 10 Pa·s. The research shows that the annular
flow pattern disappears after the pump is turned off, which leads to a rapid increase in
pressure drop. The pressure drop in the system continues to increase during 12 s when
the water pump is turned off until it reaches a value of 71,240 Pa. When the water pump
starts again, the pressure drop appears to oscillate rapidly, peaking at 87,421 Pa, and then
begins to return to the annular flow mode. In the annular flow mode, the system pressure
drop decreases and remains almost constant after 20 s. After turning off and restarting the
pump, the pressure drop remains almost constant at 2826 Pa, which is close to the pressure
drop at the beginning of the simulation (2727 Pa at 1 s) [51].

Livinus et al., conducted experiments on the shutdown and restart of a high-viscosity
oil transport system in a PVC horizontal pipe of 5.5 m length and 26 mm inner diameter.
The results were used to establish correlations for predicting the restart process of CAF.
The range of the oil viscosity was 1.9–3.883 kg/ms. In the paper, the correlation was tested
for its predictive capability based on measured restart times and pressure drop changes,
and slightly higher but still reasonable predictions were obtained [52].

Jiang et al., combined VOF and continuous surface force (CSF) models to simulate the
CAF flowing through a valve and analyzed the effect of the open rate of a valve on the
vortex and oil distribution characteristics. The viscosity of the oil was 0.22 Pa·s. The research
shows that there are many vortices inside and behind the valve. As shown in Figure 11,
as the open rate increases, the aggregation rate increases. As the flow rate increases, the
rate of change of the vortex position is larger, and the oil aggregation rate decreases. High-
viscosity oil has a larger aggregation rate after flowing through the valve, and the change
in the vortex core position is relatively slow. When the vortex passes through the oil in the
core layer, the oil will be dispersed and cause the CAF to become unstable. The numerical
simulations in the paper can provide insight into much information about the oil–water
CAF in the ball valve, such as the development of the flow, the distribution of the two
phases, the distribution of the pressure, the turbulent kinetic energy, and the distribution of
the velocity [53].
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5. Nozzle

In the process of transporting viscous oil with water lubrication, both phases (water
and oil) are introduced into the oil–water mixing pipe by the nozzle, which, in turn, creates
a CAF structure in the oil–water mixing pipe.

Sotgia et al., conducted a set of experiments by varying the shape of the oil–water
mixing pipe to determine the dependence of the flow pattern and pressure drop on the
CAF inflow method. The dimensions of the original two-phase mixing pipe are shown
in Figure 12. The different shapes of the two-phase mixing pipes are shown in Figure 13.
The research shows that the change in the shape of the mixing pipe affects the change in
pressure drop. In terms of the reduction factor, the reduction factor of the pipe with a
progressive shoulder is larger than that of a non-progressive shoulder [54].
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Macías-Hernández et al., studied the effect of nozzles on forming CAF in horizontal
pipes by CFD. In the paper, the flow of fluid in the core layer from the nozzle and the
process of the two-phase fluid junction were studied, and the relationship between the
nozzle and the interface formation was analyzed. The research shows that at the nozzle
outlet, the reverse flow of water caused a slight contraction of the core layer. The role of
the nozzle becomes vital because of the interfacial shear and entrainment caused by the
eccentricity of the core layer to form the interfacial delamination [55].

Jiang’s research group has conducted a lot of research in the field of the effects of
nozzles on CAF stabilization, designed several nozzles for stabilizing CAF flow, and filed
several patents [56–59].

An annular flow nozzle was designed to act as a pressure reducer for the CAF. The
nozzle structure is shown in Figure 14. A buffer section is set on the oil inlet pipe, and the
inner diameter of the buffer section is from small to large to disperse the pressure of the
heavy oil in the oil inlet section on the heavy oil in the buffer section, so that the flow of
heavy oil tends to be stable. As the outer diameter of the buffer section changes from small
to large, when the water flows into the flow gap area where the buffer section is located,
the transport space of the water gradually becomes smaller, reducing the flow velocity of
the water and reducing the pressure on the water flow in the flow gap area corresponding
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to the oil outlet section, so that it flows steadily. Both tend to have a stable state, improving
the stability of the CAF [56].
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The external and internal structures of a cast annular flow generator are shown in
Figure 15. The designed annular flow generator is used to solve some disadvantages of
some existing nozzles: the oil inlet pipe is overhanging set inside the outer pipe; when
the heavy oil is pumped into the oil–water mixing device, the heavy oil will cause a
certain impact on the pipe, and this impact directly affects the stability of the CAF flow
pattern. In addition, the operation of the general annular flow generator requires the use of
two separate devices to transport heavy oil and water into the pipe, which increases the
economic cost of this transport mode, and the inflow of water can cause some impact on
the inlet pipe [57].
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A pulsating wave annular flow generator was designed to maintain the stability of
an unstable CAF in a pipe, thereby improving the efficiency of heavy oil transportation.
The internal structure of the pulsating wave annular flow generator is shown in Figure 16.
The pushing mechanism inside the generator pushes the oil pipe to make a reciprocating
motion in its radial direction, which causes a periodic fluctuation in the oil pipe in the
opposite direction of the destabilization of the oil phase, thus making the destabilized CAF
stable again [58].
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A wedge wave annular flow generator was designed with reference to the principle
of fluid dynamic pressure lubricant film. During the water phase operation, the CAF
that is about to be destabilized is kept stable by controlling the water flow to strike the
pressure plate to generate a wedge wave annular flow, which produces pressure in the
opposite direction of the buoyancy force caused by the density difference, thus increasing
the stable transport distance of heavy oil and improving the transport efficiency of heavy
oil. The wedge wave generator and the CAF generated by it are shown in Figures 17 and 18,
respectively [59].
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6. Fouling

Initially, the fouling adheres irregularly to the pipe wall, and as it gradually ac-
cumulates, oil layers are formed. These oil layers may significantly reduce the useful
cross-sectional area of the pipe and the oil volume in the pipe, substantially increasing the
pressure drop [13].

Da Silva et al., studied a surface modification method to reduce or eliminate the heavy
oil adhering to the inner wall of the pipe in the CAF transport method. Oxidation of the
surface and changes in wall roughness were conducted, and the effects of these changes
were quantified. The paper describes the changes in the wetting behavior of the pipe wall
by measuring the contact angle of the oil/water/surface system. The surfaces studied
included PVC, stainless steel, enameled steel, galvanized steel, and commercial steel. The
effects of salt, pH, and temperature on wetting behavior were also studied in the paper.
The research shows that enameled steel, stainless steel with a roughness of 2.5 µm, oxidized
polymers, or oxidized commercial steel can make heavy oil transport more efficient. Water
with a pH outside the range of 4–8 results in a lower contact angle, making heavy oil
transport more efficient. In addition, the addition of sodium meta-silicate helps to avoid
fouling [60].

Grassi et al., studied the oil–water flow in pipes with various inclinations. The
inclination angles of the pipes were 0◦, +10◦, −10◦, and +15◦. The oil–water viscosity
ratio was 800. From the experimental analysis, there is no significant difference between the
pipeline systems with different inclinations, which may be related to the Eötvös number of
the system itself. Fouling only occurs at low oil and water flow rates [61].

Balakhrisna et al., studied the changes in fouling during the process of CAF through a
sudden-constriction pipe and sudden-expansion pipe. The research shows that the high-
viscosity oil can establish a stable CAF after sudden expansion in a horizontal pipe, but it
tends to make the fouling pollute the pipe wall; the sudden contraction of the high-viscosity
oil reduces the thickness of the oil core, which decreases the chance of creating fouling [31].

Ghosh et al., conducted a CFD analysis of CAF through a return bend pipe. The
viscosity of the oil was 0.22 Pa·s. In the paper, the CAF was mainly considered for upward
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flow in a U-shaped bend. However, to compare the fouling characteristics, downward flow
and horizontal flow cases were also considered. A comparison of the experimental and
numerical simulations of oil fouling to the wall in a U-shaped bend is shown in Figure 19.
The research shows that as the radius of curvature of the U-shaped bend increases, the
advantage of CAF is weakened, and the pressure drop in the pipe is similar to that without
the CAF method. Compared with the downward and horizontal flow, CAF has less chance
to produce fouling when flowing upward in a U-shaped bend. When the radius of curvature
of the U-bend exceeds a certain value, the fouling at the bend increases sharply [62].
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Kaushik et al., studied CAF through a sudden contraction and expansion of pipes.
Numerical simulations of the lubricant–water CAF using the VOF model were conducted in
the paper, and the simulated data and experimental results are well matched. The viscosity
of the oil was 0.22 Pa·s. The paper analyzed the fouling characteristics of the lubricant
during the sudden expansion of the pipe. The research shows that increasing the water
inflow or pipe diameter helps to reduce fouling [63].

Jiang et al., studied CAF in a U-shaped bend using the VOF model and Eulerian model.
The research shows that the wall shear stress of oil at the upper wall surface gradually
increases from the midstream of the pipe. The wall shear stress of water is greater at the
outer side of the midstream and the lower wall surface located downstream of the U-bend.
The two-phase distribution is shown in Figure 20. This phenomenon indicates that with
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the development of CAF, under centrifugal force, CAF will produce fouling, polluting the
wall surface downstream of the pipe [34].
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Jiang et al., simulated the CAF flow through a ∏-shaped bend. The viscosity of the
oil was 0.22 Pa·s. The research shows that increasing the volume fraction of input water,
flowing upward in the bend, and using a high-viscosity oil will reduce the chances of
producing fouling. The fouling in the pipe is shown in Figure 21. Suitable geometric
parameters for a ∏-bend are L/D < 18.75, D1/D about 0.71, R/D = 2–2.5, and e < 0.01 mm,
where L is the distance between the axes of the two straight sections in the ∏-bend, D is the
pipe diameter, D1 is the oil inlet diameter, R is the radius of the bend’s fillet, and e is the
wall roughness [64].
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Ooms et al., studied the possibility of eccentric CAF and the deformation of the CAF
interface. The research shows that a stable eccentric CAF is possible and the direction of
the eccentric position depends on the normal stresses at the core–circular interface. When
these normal stresses differ too much from those in a concentric and circular CAF, the walls
produce fouling [65].

Jiang et al., conducted numerical simulations of the CAF flow through an elbow using
the VOF model and the CSF model. The viscosity of the oil was 0.2 Pa·s. The research shows
that when the oil density and fluid consistency coefficient increase or the flow behavior
index decreases, the pressure gradient, the fouling angle, and the wall shear stress increase.
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The diameter of the bend used in this paper is small, and the flow direction has less impact
on the total pressure gradient and fouling angle. When the curvature ratio 2R/D of the
bend or the inlet diameter ratio D1/D is higher than a certain value, the total pressure
gradient increases and the fouling angle decreases significantly, where R is the radius of
curvature of the bend, D is the pipe diameter, and D1 is the oil inlet diameter. The curvature
ratio of the bend should be in the range of 16–20 and the inlet diameter ratio should be
in the range of 0.67–0.75 to form a more stable CAF when oil–water passes through the
bend [66].

Jiang et al., studied the CAF in a U-shaped bend. The effects of inclination angle,
inlet diameter ratio, oil properties, and pipe material on fluid dynamics and fouling
characteristics were studied in the paper. The viscosity of the oil was 0.22 Pa·s. The research
shows that a larger fouling surface results in a higher equivalent two-phase loss coefficient
(ktp). When the viscosity of oil in the CAF is higher, the chances of producing fouling are
reduced. As the inclination angle of the U-bend increases, the area-weighted average of
oil volume fraction (αo) increases, and ktp and the angle of the bend at the fouling point
(ϕ f ) decrease. Therefore, it is reasonable for CAF to flow upward through a U-shaped bend
with a small inclination angle. When the oil–water inlet diameter ratio increases and the
water inlet area decreases, ktp, αo, and ϕ f will decrease. When the oil–water inlet diameter
ratio is 0.6–0.75, the CAF through the U-shaped bend is more stable. In addition, pipe
materials with hydrophilic properties can reduce fouling [67].

Coelho et al., studied CAF in a horizontal–vertical–horizontal pipe. The research
shows that irregularities in the pipeline route tend to lead to fouling, that irregularities
promote the accumulation of fouling downstream of the pipe, and that the pressure in
the pipe increases dramatically with time. These irregularities occur from using various
accessories, such as valves and junctions [37].

Jiang et al., applied the first-principles prediction method to predict the flow of the
CAF and the possible trend of oil contacting the pipe wall. In the paper, the CAF in a
horizontal pipe was simulated, and a series of pressure drops and water hold-up fractions
were applied to the CAF. The research shows that for each pressure drop (or mixing rate)
value, there is a critical value of the watercut below which the oil will contact the pipe wall.
In the case of an oil–water viscosity ratio of 1040, the critical value is about 9.6% and that
for pipes of 21 mm and 10.5 mm in diameter is 14%, respectively. For larger viscosity ratios,
the critical value increases slightly. Oil also contacts the pipe wall when the velocity of
the oil–water mixed fluid is too low, and the critical velocity values are about 1.1 m/s and
0.3 m/s for pipes with diameters of 21 mm and 10.5 mm, respectively [41].

Ayuba et al., identified fouling on the upper and lower walls of the circular hori-
zontal pipe during water-lubricated transport by the laminar level-set method on a two-
dimensional model, identified by the density magnitude of the oil. The research shows that
although fouling is more likely to occur in unsteady flows, such as plug flow, it also occurs
in CAF [68].

7. Oil–Water Accumulation

When CAF flows in inclined pipes, oil and water may accumulate at the low water
level, which, in turn, affects the energy efficiency of CAF. Therefore, it is essential to study
the causes and removal of the accumulation of oil and water.

Song et al., studied the oil–water flow characteristics in a pipe with a diameter of
50 mm and different inclination angles with water accumulating at low water level, and
compared the simulation results with the experimental results. The research shows that the
backflow effect in the water phase is the main cause of water accumulation at the bottom of
the pipe. The initial residual water volume has no impact on the oil–water flow pattern
and the water-carrying capacity of the oil. Smaller flow rates and larger inclination angles
can lead to a decrease in the water-carrying capacity of oil, which, in turn, leads to water
accumulation and causes corrosion inside the pipe [69].
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Magnini et al., conducted a study of the displacement of trapped water in a pipe using
the fluid calculation software OpenFOAM. The research shows that under hydrophilic pipe
wall conditions, the water mass spreads on the bottom surface of the pipe, while forming
tight blocks on the wall of the hydrophobic pipe. When the pipe surface is hydrophobic,
the critical oil velocity, i.e., the minimum oil velocity required to initiate water withdrawal,
decreases as the trapped water volume increases. The water displacement velocity along
an upward inclined pipe increases with the increase in contact angle [70].

8. Conclusions

This paper has reviewed the energy saving of CAF and the factors affecting the energy
saving of CAF. Among them, the energy saving of CAF is discussed in terms of the pressure
drop and change in drag reduction efficiency. The factors affecting the energy saving of
CAF mainly concern the stability problem, the restarting issue of a pipeline system, the
impact of a nozzle, the impact of fouling in the pipeline on the flow, and the problem of
oil–water accumulation. The summary is as follows.

(1) The existing research has studied the changes in pressure drop, drag reduction ef-
ficiency, flow pattern, wall shear stress, phase distribution, core layer eccentricity,
interface fluctuation, etc., of CAF for a horizontal pipe, vertical pipe, inclined pipe,
return bend pipe, T-junction pipe, and Y-junction pipe with geometric parameters
(pipe diameter, flow direction, radius, and shape of return bend pipe, inclination
angle, etc.), fluid properties parameters (interfacial tension, density, viscosity, etc.),
and flow parameters (flow rate, etc.), evaluated the drag reduction efficiency of CAF,
and determined the reasonable range of some parameters.

(2) Existing studies have addressed the problems of buoyancy balance and linear stability
of the core layer of CAF, and have studied the development of interfacial waves; the
effects of viscosity, interfacial thickness, surfactant, and yield stress on stability; the
causes of instability.

(3) Existing investigations for CAF shutdown and restart problems have studied the
impact of the content and type of salt added to the water phase, water cleaning speed,
viscosity, restart time, etc., on pressure drop, restart surge, etc., and also studied the
process of pressure drop and flow pattern after system restart.

(4) Existing studies have investigated the impact of shape, etc., on pressure drop, reduc-
tion factor, oil–water interface, etc., for nozzles flowing into both phases of CAF.

(5) Existing research has studied the impact of surface modification, the addition of
solvents, geometric parameters of pipes (pipe diameter, flow direction, radius and
shape of rounded corners of return bend pipes, inclination angle, irregularity of pipes,
etc.), fluid properties parameters (density, etc.), flow parameters (flow rate, etc.), pipe
materials, etc., on the reduction in CAF fouling, and determined the reasonable range
of some parameters.

(6) Existing research has studied the causes and removal of oil and water accumulation
at low water levels in pipelines.

As can be seen, existing research has mainly focused on CAF pipe geometry, pressure
drop, fluid properties parameters, flow parameters, and heavy oil fouling, while less
research has been conducted on CAF stability, pipeline system restart, nozzles, and oil–
water accumulation. In future developments, researchers can focus more on CAF stability,
pipeline system restart, nozzles, and oil–water accumulation. In addition, more attention
can be paid to applying external forces for drag reduction in CAF pipeline systems, such as
applying vibration to the pipe, and studying the changes in pressure drop, drag reduction
efficiency, and flow pattern of CAF.
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