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ABSTRACT
Core annular flow (CAF) offers significant energy savings for transporting heavy oils,

but its large-scale application in complex geometries remains poorly understood. This study
investigates the scale-up of CAF in a T-shaped pipe (T50-50) with water insertion using
computational fluid dynamics (CFD). The objective is to evaluate the effects of Reynolds
number (Re), Bingham number (Bi), and Froude number (Fr) on flow stability, fouling, and
energy efficiency. Simulations employed the Volume of Fluid (VOF) method with the Car-
reau model to capture shear-thinning behavior. Pipe dimensions were scaled by factors of
1.5 and 5, and performance was assessed through pressure gradient, oil holdup, and energy
savings. Results show that maintaining Fr > 1 is essential for concentric CAF stability and
fouling reduction. At 1.5× scale-up, oil holdup errors relative to theory were 0–19%, while
pressure gradient errors were 19–52%. At 5×, errors increased sharply, particularly under
Reynolds scaling (up to 554%). Despite this, CAF consistently reduced pumping energy by
more than 80%, reaching 98–100% savings. In conclusion, CAF remains an effective strat-
egy for heavy oil transport, with Fr governing stability and Bi providing the best predictor
of energy efficiency.

Keywords: Core Annular Flow (CAF); Computational Fluid Dynamics (CFD); Dimension-
less parameter; Scale up; T-pipe

1. Introduction
The transportation of heavy and vis-

cous oil presents significant challenges, in-

cluding high pumping power requirements,
severe pressure drops, and environmental
concerns. Compared to non-viscous oil, the
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distribution of viscous oil demands substan-
tially higher costs and energy consumption.
To address these inefficiencies, Core Annu-
lar Flow (CAF) technology has emerged as
a promising method, where a high-viscosity
fluid is transported as the core surrounded
by a lubricating low-viscosity fluid. This
configuration drastically reduces friction
and power consumption, offering poten-
tial energy savings of over 80% relative to
single-phase transport methods [2].

Extensive research has been con-
ducted to understand and optimize CAF.
Prior studies have examined its formation
and stability in small-scale geometries us-
ing both experiments and computational
fluid dynamics (CFD) simulations [4–6].
For example, Dianita et al. [5] investi-
gated CAF in T- and Y-shaped pipes with
diameters of 20 mm and 50 mm, show-
ing that flow stability is strongly influenced
by geometry. While the T50-50 configura-
tion maintained CAF more effectively than
other geometries, fouling zones were ob-
served near branching regions. To mitigate
this, further studies introduced additional
water insertion at pipe branches, which par-
tially restored the CAF pattern [6]. Despite
these advances, most investigations have
been limited to laboratory-scale systems,
and their direct application to industrial-
scale pipelines remains uncertain. In partic-
ular, the scale-up of CAF in branching pipe
configurations—common in real-world oil
transportation networks—has not been sys-
tematically addressed.

The scaling of CAF is further compli-
cated by the non-Newtonian nature of heavy
oil, which often exhibits shear-thinning be-
havior. Such rheological effects increase
the likelihood of instability, fouling, and
pressure losses in large-scale systems [11].
While previous work has considered scal-
ing in horizontal pipes with sudden expan-

sion [7] and explored parameter variations
such as Reynolds number [8], there remains
a lack of comprehensive studies combining
multiple dimensionless parameters to guide
scale-up in branched geometries. This gap
limits the ability to predict stable CAF per-
formance in industrial applications.

To bridge this gap, the present study
investigates the scale-up of the T50-50 pipe
configuration with additional water inser-
tion, building directly on the geometry es-
tablished by Dianita et al. [6]. Using CFD
simulations, this research systematically
evaluates the influence of key dimension-
less parameters—Reynolds number (Re),
Bingham number (Bn), and Froude num-
ber (Fr)—on CAF formation, stability, and
fouling behavior. Importantly, the study
employs the Carreau model to capture the
shear-thinning rheology of heavy oil, en-
suring more accurate representation of non-
Newtonian effects compared to prior scale-
up studies that relied on simplified assump-
tions.

The novelty of this study lies in
scaling up core annular flow (CAF) in
T-junction pipes beyond laboratory di-
mensions, specifically addressing junction-
induced instabilities that are most severe
at larger scales. In addition, the study in-
tegrates non-Newtonian rheology through
the Carreau model to more realistically cap-
ture the shear-thinning behavior of heavy
oil. Furthermore, it quantitatively evaluates
key dimensionless parameters—Reynolds
number (Re), Bingham number (Bi), and
Froude number (Fr)-as scale-up criteria,
thereby providing new insights into flow
stability and fouling tendencies that have
not been systematically analyzed in prior
works. Through this approach, the research
delivers practical design guidelines for scal-
ing CAF systems from experimental se-
tups to industrial applications, ultimately
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enhancing the feasibility of energy-efficient
heavy oil transportation.

2. Materials and Methods
2.1 System description

Simulation data for CAF is based on
Dianita et al. [6] and fluid properties are
referenced from Montes et al. [14]. The re-
quired simulation data includes:

1. Fluid Properties (Viscosity and Den-
sity)

2. Pipe Geometry (Diameter, Length,
and Type of Pipe)

3. Fluid Conditions (Flow Rate)

are carried out with pre-processing, which
involves creating geometry of T pipe with
similar inlet and outlet diameter i.e., 50 mm
(coded as T50-50) modified with ducting
insertion (coded as DI 2-8) [6] illustrated by
Fig. 1.

Fig. 1. Geometry T50-50 DI-2-8.

After completing the geometry,
meshing is performed in ANSYS with an
adjustable number of mesh cells. Once
the geometry and mesh are finalized, the
simulation advances to the solving phase,
where fluid data and simulation parameters
are defined. The system then executes the
simulation using various methods available
during the solution phase. Convergence
is essential before moving to the result

processing stage. If convergences are not
achieved, the mesh count has to be adjusted
and the simulation must be repeated. Upon
achieving convergence, the results are
validated against experimental models
during post-processing. Discrepancies are
addressed by refining the simulation pa-
rameters and running it again. Satisfactory
results lead to the scaling-up phase, where
pipe dimensions are increased to 1.5× and
5× the original size.

2.2 System parameter
The numerical simulation of multi-

phase flow dynamics was carried out us-
ing the Volume of Fluid (VOF) approach,
where water was designated as the primary
phase and oil as the secondary phase. The
interfacial surface tension between the two
phases was defined as 0.02 N/m, while the
Carreau model was implemented to account
for the fluids’ non-Newtonian behavior.
The boundary conditions included inlet ve-
locities of 4.355m/s for water and 6.349m/s
for oil, a pressure outlet, and no-slip con-
ditions along the pipe walls. For pressure-
velocity coupling, the PISO algorithm was
employed, with PRESTO utilized for pres-
sure discretization, second-order upwind
for momentum, and Geo-reconstruct for
volume fraction calculations. A first-order
transient formulation was applied, and the
simulation was initialized with an oil vol-
ume fraction of zero. The convergence cri-
teria were established at 0.001 for both con-
tinuity and velocity residuals. The time
step is 0.0001s with number of time step is
40,000.

2.3 Working fluids
Current work is dedicated to observ-

ing the CAF phenomenon in T-shaped pipes
for heavy oil–water systems. In the annu-
lus, water with a viscosity (𝜇𝑤) of 0.001 Pa
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and a density (𝜌𝑤) of 999 kg/m3 was used
as lubricant fluid. The heavy oil, consid-
ered as non-Newtonian Carreau fluid, was
used as the core fluid with viscosity (𝜇0) of
170.811 Pa. s at zero shear rate and density
(𝜌0) of 976 kg/m3.

2.4 Mathematics
2.4.1 Volume of fluid
The Volume of Fluid (VOF) model is

utilized because, according to the ANSYS
user guide, it effectively prevents phase in-
terpenetration in oil-water flow. In this
model, mass and phase transfer are assumed
to be negligible, and the flow is considered
incompressible. As a result, the governing
equations for mass and momentum conser-
vation, as represented in Equations 2.1 and
2.2, are established to describe the flow be-
havior accurately.

𝜕

𝜕𝑡
(𝜌) + ▽ · ( ®𝑈) = 0, (2.1)

𝜕

𝜕𝑡
( ®𝑈) + ▽ · ( ®𝑈 ®𝑈) = −▽𝑃

+ ▽ · [𝜇(▽ ®𝑈 + ▽ ®𝑈𝑇 )]
+ 𝜌®𝑔 + ®𝑆, (2.2)

where ®𝑈 represents the velocity field, 𝜇 is
the viscosity, 𝑃 is the pressure, ®𝑔 is the grav-
ity vector, and ®𝑆 is the surface tension force.
In the VOF model, the momentum equation
accounts for both phases simultaneously by
calculating the density and viscosity of the
two-phase system using the water volume
fraction (𝜀𝑤). This approach is represented
in Eqs. (2.3)-(2.4.)

𝜌𝑚 = 𝜌𝑤𝜀𝑤 + (1 − 𝜀𝑤)𝜌0, (2.3)
𝜇𝑚 = 𝜇𝑤𝜀𝑤 + (1 − 𝜀𝑤)𝜇0. (2.4)

2.4.2 Continuum surface tension
In this model, surface tension de-

pends on the coefficient of surface tension
(𝜎) and the curvature of the interface (𝑘).

The following equation represents surface
tension in the CSF model:

𝑆 = 𝜎𝑘
𝜌▽𝑎0

0.5(𝜌0 + 𝜌𝑤)
. (2.5)

The curvature in the CSF model is
calculated by considering the local gradi-
ent of the normal vector to the interface, de-
fined as the gradient of the oil volume frac-
tion 𝑎0.

𝑛 = ▽𝑎0, 𝑛 =
𝑛

|𝑛| , 𝑘 = ▽𝑛. (2.6)

In the CSF model, the wall adhesion
effect is introduced, which is related to the
contact angle between the oil and water.
Therefore, the curvature equation is modi-
fied due to the contact angle as follows:

𝑛 = 𝑛𝑤 cos 𝜃𝑤 + 𝑡̂𝑤 sin 𝜃𝑤 , (2.7)

where 𝑛𝑤 and 𝑡̂𝑤 are the normal and tangen-
tial vectors to the pipe wall, and 𝜃𝑤 is the
contact angle between the pipe wall and the
interface.

2.5 Dimensionless parameter for
scaling-up

Current work is using dimensionless
parameters for scaling-up. Dimensionless
would be an essential to bring physics phe-
nomenon on initial size geometry to scaled-
up geometry.

2.5.1 Bingham number
The Bingham number represents the

ratio of yield stress to viscous stress and
characterizes the flow behavior ofmany flu-
ids [24]. Equation 2.8 illustrates the rela-
tionship that defines the Bingham number.

𝐵𝑚 =
𝜏𝑦𝑙𝑐

𝜇𝑣
. (2.8)

The Bingham number (Bm) is deter-
mined by several key parameters: 𝑣, the av-
erage fluid velocity (m/s); 𝜇, the dynamic
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viscosity of the fluid (kg/ms); 𝜏𝑦 , the yield
stress (Pa); and 𝑙𝑐, the pipe length (𝑚).

The Bingham number serves as a
key parameter in determining flow rate,
flow characteristics, and pressure loss [24].
It represents the minimum force or stress
needed to initiate fluid motion. When this
yield stress threshold is surpassed, the fluid
transitions into a viscous state, allowing it
to flow unimpeded.

2.5.2 Froude number
The Froude number represents the ra-

tio of characteristic velocity to gravitational
wave velocity.

𝐹𝑟 =
𝑣√

𝑔𝐷 𝑝𝑖𝑝𝑒 (1 − 𝜀𝑤)
. (2.9)

The Froude number (Fr) is defined
using several key parameters: 𝑣, the super-
ficial mixture velocity (m/s); g, the gravita-
tional acceleration (m/s2); 𝜀𝑤 , the fraction
water and 𝐷 𝑝𝑖𝑝𝑒, the pipe diameter (m).

This number provides an interpreta-
tion of fluid flow behavior, which can be
analyzed based on the value of the Froude
number (Fr). If 𝐹𝑟 > 1, the flow is faster, as
inertial forces dominate over gravitational
forces. Conversely, if 𝐹𝑟 < 1, the flow is
slower due to the greater influence of grav-
itational forces compared to inertia.

2.5.3 Reynolds number
The Reynolds number is a dimen-

sionless parameter used to determine the
flow regime along a pipe. For non-
Newtonian fluids, the Reynolds number
must be adjusted to account for the fluid’s
behavior, leading to the concept of the gen-
eralized Reynolds number. This adjust-
ment primarily concerns the fluid’s vis-
cosity, which must correspond to the spe-
cific fluid model being applied. The fol-
lowing equation represents the generalized
Reynolds number when using the Carreau

model for viscosity. This equation, pro-
posed by Bilgi & Pahlevan [25], is pre-
sented in Eq. (2.10)

𝑅𝑒

=
8𝜌𝑈2

𝑚

𝜇∞
8𝑈𝑚
𝐷𝑝𝑖𝑝𝑒

+ [(𝜇0 − 𝜇∞) 8𝑈𝑚
𝐷𝑝𝑖𝑝𝑒

· [1 + ( 8𝑈𝑚
𝐷𝑝𝑖𝑝𝑒

𝛾)2]]
.

(2.10)

The Reynolds number (Re) is influ-
enced by several key parameters, including
density of the fluid mixture (𝜌𝑚) in kg/m3,
the mixture flow velocity (𝑈𝑚) in m/s, and
the pipe diameter (𝐷 𝑝𝑖𝑝𝑒) in meters. Addi-
tionally, viscosity plays a crucial role, with
𝜇0 representing the viscosity at the initial
shear rate and 𝜇∞ denoting the viscosity at
the infinite shear rate. The shear rate (𝛾) in
𝑠1 and the power-law index (𝑛) further con-
tribute to defining the flow behavior, partic-
ularly for non-Newtonian fluids.

3. Results and Discussion
3.1 Mesh quality

The number of meshes was deter-
mined through a grid independence test.
For this geometry, the grid independence
was previously conducted by comparing the
pressure gradient values with the experi-
mental results of Arney et al., where the ex-
perimental pressure gradient was 9.29 kPa
upstream and 1.54 kPa downstream [4].
The following presents the results of the
grid independence test from these two stud-
ies (Table 1).

Table 1. Grid independence test [4].

Mesh Pressure
Gradient

Reltive Error
to Experiment

Upstream Down-
stream Upstream Down-

stream
54.254 8.87 3.55 5% 131%
182.347 9.56 1.94 3% 26%
328.700 9.39 1.67 1% 9%
509.212 9.5 1.72 2% 12%

From results on Table 1, it can be
seen that the mesh with the smallest relative
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error is mesh 328.700. Therefore, in this
study, the number of mesh elements was set
to be close to 328.700, resulting in a mesh
count of 339.458. The quality of the mesh
can be seen at Table 2 below.

Table 2. Mesh quality.

Parameter Min Average Max
Skewness 0.00002 0.025 0.3
Orthogonality 0.56 0.95 1

3.2 Cross-sectional analysis
A key aspect of CAF behavior is

the distribution of the cross-sectional area
occupied by each phase, which signifi-
cantly influences flow stability, pressure
drop, and interfacial interactions. Analyz-
ing the cross-sectional area provides criti-
cal insights into flow dynamics, allowing
for the identification of flow regime transi-
tions, and fouling tendencies. The interface
between the core and annular phases plays
a crucial role in determining the overall hy-
drodynamic performance, as disturbances
or asymmetries can lead to instability and
flow disruptions.

Fig. 2. Cross-sectional before scale-up: (a)
Downstream 1 (200 mm after junction); (b)
Downstream 2 (200mm after junction); (c) Out-
let 1; (d) Outlet 2.

Flow pattern on the pipe can be seen
on Figs. 3, 5, 7, 9, 11, 13 and 15. These
figures show that some of characteristics of
each system configuration. The character-
istics is CAF forms along the straight sec-
tion of the pipe before passing through the
junction. After passing the junction, the
flow becomes unstable due to disturbances

Fig. 3. Flow pattern geometry before scale-up.

Fig. 4. Cross-sectional scale-up 1.5× with
Fixed Reynolds Number: (a) Downstream 1
(200mmafter junction); (b) Downstream 2 (200
mm after junction); (c) Outlet 1; (d) Outlet 2.

Fig. 5. Flow pattern geometry 1.5× with Fixed
Reynolds Number.

Fig. 6. Cross-sectional scale-up 1.5× with
Fixed Bingham Number: (a) Downstream 1
(200mmafter junction); (b) Downstream 2 (200
mm after junction); (c) Outlet 1; (d) Outlet 2.

caused by changes in flow direction. In this
context, water insertion plays a crucial role
in restoring the flow to a concentric state.

Fouling phenomena are commonly
observed during the fluid flow process, be-
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Fig. 7. Flow pattern geometry 1.5× with Fixed
Bingham Number.

Fig. 8. Cross-sectional Scale-up 1.5× with
Fixed Froude Number: (a) Downstream 1 (200
mm after junction); (b) Downstream 2 (200 mm
after junction); (c) Outlet 1; (d) Outlet 2.

Fig. 9. Flow pattern geometry 1.5× with Fixed
Froude Number.

Fig. 10. Cross-sectional scale-up 5×with Fixed
Reynolds Number: (a) Downstream 1 (200 mm
after junction); (b) Downstream 2 (200mmafter
junction); (c) Outlet 1; (d) Outlet 2.

ginning with a layer of oil that adheres to
the internal surfaces of the pipe, as illus-
trated in Figs. 2, 4, 6, 8 and 10. Over

Fig. 11. Flow pattern geometry 1.5×with Fixed
Reynolds Number.

Fig. 12. Cross-sectional scale-up 5×with Fixed
Froude Number: (a) Downstream 1 (200 mm
after junction); (b) Downstream 2 (200mmafter
junction); (c) Outlet 1; (d) Outlet 2.

Fig. 13. Flow pattern geometry 5× with Fixed
Froude Number.

Fig. 14. Cross-sectional scale-up 5×with Fixed
Bingham Number: (a) Downstream 1 (200 mm
after junction); (b) Downstream 2 (200mmafter
junction); (c) Outlet 1; (d) Outlet 2.

time, this adherence leads to the accumula-
tion of a substantial oil layer along the pipe
walls, which results in a significant increase
in pressure drop. Two separate simula-
tions carried out by Kaushik et al. [15] and
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Fig. 15. Flow pattern geometry 5× with Fixed
Bingham Number.

Babakhani Dehkordi et al. [16] investigated
pipe geometries featuring abrupt changes in
diameter. Their findings indicated that al-
terations in pipe geometry, especially when
larger diameters are employed, can mitigate
the tendency for fouling to occur. Simula-
tions using pipes scaled up by a factor of 5
in diameter showed no fouling formation,
except in the case of the Froude number,
where the fluid velocity was higher com-
pared to other cases.

In the base case before scale-up
(Figs. 2–3), CAF is observed to form along
the straight pipe section. However, after
the junction, instabilities appear due to the
change in flow direction. Water insertion
helps re-stabilize the concentricity of the
CAF core.

When scaling up by 1.5× with con-
stant Reynolds number (Figs. 4–5), CAF
formation remains visible but becomes less
stable near the outlet due to the sensitivity
of shear-thinning viscosity to velocity vari-
ations. At constant Bingham number (Figs.
6–7), the flow shows reduced concentric-
ity, confirming that higher yield stress lim-
its CAF stability by resisting interface ad-
justment. By contrast, maintaining a con-
stant Froude number (Figs. 8–9) preserves
concentric CAF more effectively, since in-
ertial forces dominate over gravitational ef-
fects, counteracting stratification.

At 5× scale-up, the flow behavior di-
verges sharply. With constant Reynolds

number (Figs. 10–11), CAF stability de-
teriorates, showing strong eccentricity and
fouling along the wall. Under constant
Froude number (Figs. 12–13), concentric
CAF is largely maintained, confirming that
𝐹𝑟 > 1 is critical for scale-up stability. In
the Bingham number case (Figs. 14–15),
severe instability and wall fouling occur, in-
dicating that high yield stress prevents sta-
ble CAF reformation in large geometries.

Coelho et al. [1] also monitored the
formation of fouling zones in experimen-
tal results using pipes with various shapes,
such as branching and elbows. The pipe
shape influenced fouling formation due to
changes in fluid flow direction. Addition-
ally, it is important to emphasize that, in
the absence of additional levitation forces,
the eccentricity of CAF increases the likeli-
hood of oil fouling. Therefore, facilitators
such as water insertion are needed to pre-
vent fouling in pipes and to avoid the CAF
flow becoming eccentric.

Additionally, the buoyancy force is
unable to counterbalance the gravitational
force experienced by the fluid, increasing
the likelihood of fouling. The Froude num-
ber represents the resistance of an object (in
this case, oil flow) in a water stream. A
Froude number greater than 1 helps tomain-
tain the concentricity of CAF flow. Ac-
cording to Osundare et al., when gravita-
tional forces are more dominant, they pull
the fluid flow downward, leading to strati-
fication in the flow [9].

3.3 Pressure gradient result
The pressure gradient is defined as

the rate of pressure change per unit length
along the flow direction. Inmultiphase flow
systems, the pressure gradient indicates the
energy required to transport fluids through
the pipeline, and it is strongly influenced by
viscosity, flow regime, pipe geometry, and
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interfacial interactions between phases.
The pressure gradient is a key factor

for the efficiency and stability of the flow
system. CAF involves a high-viscosity oil
core surrounded by a lower-viscosity an-
nular fluid, which reduces frictional resis-
tance along the pipe walls. This flow pat-
tern leads to a lower pressure gradient com-
pared to single-phase heavy oil transport,
which minimizes energy losses and opti-
mizes pipeline performance [22].

The following is a comparison of the
pressure gradient from the simulation re-
sults with the calculated results based on
Equation fromArney et al. [17] in the Junc-
tion area, as shown in Table 3.

The pressure gradient influences the
formation of interface waves. A higher-
pressure gradient will result in larger and
more energetic interface waves between the
core and annular phases. The velocity of
both the core and annular phases is en-
hanced as a result. As reported by Xie et al.
[18], an increase in the superficial velocities
of oil and water corresponds to a rise in the
frictional pressure gradient. Furthermore,
the pipe diameter plays a crucial role in this
gradient, as it directly influences velocity
distribution. The geometric characteristics
of the pipeline also contribute to variations
in the pressure gradient. Notably, branch-
ing has an adverse downstream effect, lead-
ing to an elevation in the frictional pressure
gradient [19].

Comparison between the pressure
gradient values from CFD simulations and
theoretical equations is conducted to vali-
date whether the simulation model is accu-
rate. In some cases, such as Bingham flu-
ids, the error is quite high due to the im-
proper parameters used, which fail to ac-
count for consistent treatment of the wall
shear value. This results in changes in vis-
cosity. Wall shear can affect the viscosity of

shear-thinning fluids by altering the micro-
scopic structure of the fluid at the interface
layer, potentially impacting the flow pro-
file and causing phenomena like slip [23].
Bingham scaling produced large errors (52–
76%). This is due to the sensitivity of
yield stress to shear rate near the wall. The
CFD captures localized variations in viscos-
ity and slip phenomena, while the simpli-
fied analytical model cannot.

For the Reynold’s case, the error is
relatively large compared to other cases,
primarily because the fluid used exhibits
shear-thinning behavior. In the Reynold’s
case, the oil viscosity is assumed to be
constant at inlet the pipe, but this assump-
tion is incorrect, as oil viscosity changes
with the shear rate in the pipe. Thus, it
cannot be considered the same for all po-
sitions. Reynolds-based scaling produced
very large discrepancies (up to 554% at 5×).
This arises because shear-thinning fluids do
not maintain constant viscosity; the analyti-
cal model assumes constant viscosity, lead-
ing to unrealistic underprediction of wall
shear effects.

In the Froude’s case, the pressure
gradient and Froude number influence the
fluid phase distribution within the pipe,
as the pressure gradient affects the forma-
tion of interface waves. The error in the
Froude’s case ranges from 26% to 35%. Its
happen because of Froude scaling provides
a foundational approach for modeling two-
phase flows like core-annular flow, its lim-
itations necessitate the consideration of ad-
ditional factors such as interfacial tension
and viscous effects. Therefore, need an-
other alternative approach to more accurate
predictions and better design of CAF sys-
tems.

Thus, the large percentage errors are
not only numerical but also reflect funda-
mental limitations of analytical models that
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neglect shear-thinning rheology, and tran-
sient instabilities.

3.3.1 Oil holdup result
Oil holdup is defined as the volumet-

ric fraction of oil relative to the total cross-
sectional area of the pipe in a multiphase
flow system. It quantifies the proportion of
oil occupying the flow channel at a given lo-
cation and time, and it is a key parameter for
evaluating flow stability, energy efficiency,
and phase distribution in core annular flow
(CAF).

The oil holdup ratio is a crucial pa-
rameter in multiphase flow systems, espe-
cially in Core Annular Flow (CAF), where
a high-viscosity oil is transported within a
lower-viscosity water annulus. This ratio
represents the volumetric fraction of oil in
the total cross-sectional area of the pipe,
significantly affecting flow stability, pres-
sure drop, and energy efficiency [3, 21].

The following is a comparison of the
holdup ratio from simulation results with
the holdup ratio calculated using the Arney
equation from Arney et al. [17] presented
in Table 4. According to the literature,
holdup values depend on the oil’s superfi-
cial velocity, with oil velocity being higher
in smaller pipes (Re and Bn) due to varia-
tions. Consequently, a lower holdup value
will occur with higher superficial oil veloc-
ities. However, if the oil velocity falls be-
low a certain threshold, CAF will not form.
Based on Table 4, errors remain moderate
(0–20%) in 1.5x scale-up but increase dra-
matically (up to 67%) at 5x scale-up under
Reynolds and Bingham scaling. Physically,
this is due to at large scales, oil viscosity de-
creases more strongly with velocity, caus-
ing thinner oil layers in CFD than predicted
by models. The Arney equation does not
account for viscosity dependence, making
it less reliable for non-Newtonian systems.

At higher diameters, stratification increases
and the CAF core becomes eccentric, lead-
ing to lower holdup than predicted. The
holdup ratio for the 5x scale-up pipe, with
a higher Froude number than the original
size and the 1.5x scale-up, increases due to
changes in the cross-sectional area and the
feed velocity of water and oil. These veloc-
ities influence the holdup accumulation, as
adjusting both values results in a relative er-
ror approaching 0%, consistent with Arney
et al. [17], who stated that the holdup ratio
correlates with the superficial velocities of
water and oil. Similarly, in the 1.5x scale-
up case, the holdup ratio increases due to
the need to increase velocity to maintain the
Froude number, which theoretically leads to
an increase in the holdup ratio. Joseph et
al. [20] also indicated that the holdup ratio
correlates with the superficial velocities of
water and oil.

Furthermore, for other dimensionless
parameters in the simulation, a decrease in
the holdup ratio can be observed. This is
due to the need to reduce the oil feed ve-
locity to adjust the dimensionless numbers,
which in turn lowers the oil’s superficial ve-
locity, leading to a reduction in the holdup
ratio.

The relatively high error observed in
some cases is due to factors such as shear-
thinning behavior. In smaller pipes, this ef-
fect is less noticeable, but in the 5x scale-
up pipe, shear-thinning causes the oil flow
to thin out, reducing the simulation results.
Meanwhile, theArney equation does not ac-
count for viscosity, which significantly af-
fects the holdup ratio.

3.4 Energy evaluation
Assessing energy performance in

core annular flow (CAF) is essential for
evaluating its effectiveness as a fluid
transport technique, particularly for high-
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Table 3. Pressure gradient comparison.

Simulation Pressure Gradient Downstream (kPa/m) Error
CFD Calculation

Pipe T Water Insertion Before Scale-up 57.2449 73.9533 23%
Scale-up 1.5× Geometry with Fixed Reynolds Number 19.6607 24.3767 19%
Scale-up 1.5× Geometry with Fixed Bingham Number 11.5938 24.1089 52%
Scale-up 1.5× Geometry with Fixed Froude Number 23.5341 31.8456 26%
Scale-up 5× Geometry with Fixed Reynolds Number 30.4494 4.6540 554%
Scale-up 5× Geometry with Fixed Froude Number 17.3528 12.8578 35%
Scale-up 5× Geometry with Fixed Bingham Number 0.4203 1.7612 76%

viscosity oil applications. This flow regime
enhances energy efficiency by forming a
lubricating annular layer composed of a
lower-viscosity fluid, which significantly
reduces friction between the oil core and the
pipe wall.

In Table 5, ▽𝑃∗ is pressure drop re-
duction (%), Es is energy consumption one
phase fluid (Joule/m3), and Eb is energy
consumption multiphase fluid (Joule/m3)..

Consequently, the resulting decrease
in shear stress leads to a notable reduc-
tion in pressure drop, thereby minimizing
the pumping power required in compari-
son to conventional single-phase oil trans-
port. The overall energy savings achieved
through CAF are influenced by multiple
factors, including the viscosity contrast be-
tween the core and annular phases, pipeline
geometry, and prevailing flow conditions
[1]. To quantify these benefits, key param-
eters such as pressure gradient, power re-
duction factor, and pump energy consump-
tion are analyzed. Computational Fluid
Dynamics (CFD) simulations provide in-
sights into how scaling up CAF systems
impacts energy efficiency, helping to op-
timize pipeline design for industrial appli-
cations. The following are the calcula-
tion results comparing the energy savings
achieved by CAFwith single-phase oil flow
in the pipeline, as shown in Table 5.

4. Conclusion
The formation of CAF is influenced

by several key dimensionless parameters.
First, the Bingham number, which plays a
critical role, is highly dependent on the ve-
locity and shear of the fluid. The Froude
number, similarly, is influenced by fluid
velocity, and its reliability is highlighted
by simulation results that show a relatively
lower error compared to other parameters.
The Reynolds number, on the other hand, is
significantly affected by the fluid’s viscos-
ity and velocity.

Reynolds number (Re) primarily
governs inertial–viscous interactions.
While useful in smaller pipes, scaling
by Re fails in large diameters because
viscosity in shear-thinning fluids is not
constant. This leads to overestimation of
stability in analytical models. Bingham
number (Bn) controls yield stress effects.
High Bn increases resistance to interface
reformation, reducing CAF stability.
Scaling with Bn at larger diameters results
in excessive fouling and unstable cores.
Froude number (Fr) balances inertial and
gravitational forces. Maintaining 𝐹𝑟 > 1
ensures concentric CAF flow even in large
pipes, making it the most reliable criterion
for scale-up.

The stability of CAF in larger pipes,
as demonstrated by the simulation, depends
on a combination of factors, most notably
the superficial velocity and viscosity of the

240



M.E. Zhafran and C. Dianita | Science & Technology Asia | Vol.30 No.4 October - December 2025

Table 4. Oil holdup comparison.

Simulation Oil Holdup Downstream Error
CFD Calculation

Pipe T Water Insertion Before Scale-up 0.3768 0.3355 12%
Scale-up 1.5× Geometry with Fixed Reynolds Number 0.3181 0.3190 0%
Scale-up 1.5× Geometry with Fixed Bingham Number 0.1764 0.2145 18%
Scale-up 1.5× Geometry with Fixed Froude Number 0.3104 0.3820 19%
Scale-up 5× Geometry with Fixed Reynolds Number 0.1314 0.3510 63%
Scale-up 5× Geometry with Fixed Froude Number 0.4169 0.4170 0%
Scale-up 5× Geometry with Fixed Bingham Number 0.1164 0.3510 67%

Table 5. Energy evaluation.

Simulation Eb Es ▽𝑃∗ Energy Saving
Pipe T Water Insertion Before Scale-up 79 958 92% 92%
Scale-up 1.5× Geometry with Fixed Reynolds Number 38 418 91% 91%
Scale-up 1.5× Geometry with Fixed Bingham Number 7 420 98% 98%
Scale-up 1.5× Geometry with Fixed Froude Number 27 310 91% 91%
Scale-up 5× Geometry with Fixed Reynolds Number 614 3,428 40% 82%
Scale-up 5× Geometry with Fixed Froude Number 88 1,213 91% 93%
Scale-up 5× Geometry with Fixed Bingham Number 7 1,487 98% 100%

fluid.
In terms of energy efficiency, CAF

technology proves to be highly effective,
offering energy savings more than 80%
when compared to single-phase oil flow.
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