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a b s t r a c t

This paper aims to propose correlations to predict pressure gradient, friction factor and fluid phase hold-
up in liquid-liquid horizontal pipe flow. To develop the correlations, experiments are conducted using
high viscous oils (202 and 630 mPa,s) in a steel pipe of length 11.25 m and length-to-diameter ratio of
708. In addition, the experimental data from the literature comprising wide range of flow and fluid
properties is analyzed. For the analysis, the liquid-liquid pipe flow data is categorized into two as:
stratified and dispersed. The existing friction factor correlations are modified to incorporate the effects of
viscosity of the oil phase, interfacial curvature (contact/wetting angle-in lieu of material of the pipe) and
fluid phase fraction. In the two-fluid model of stratified flow, the wall stress and interfacial stress cor-
relations are substituted with superficial velocities of fluids and superficial Reynolds numbers of fluid
phases replacing fluid phase velocities and fluid Reynolds numbers. Similarly, for dispersed flow, an
effective Reynolds number is described as the sum of superficial Reynolds number of oil and water
phases. Substituting the generally employed mean or mixture Reynolds number with the effective
Reynolds number into the existing single-phase turbulent flow friction factor correlation, an effective
friction factor for oil-water flow is proposed. Employing the proposed correlations, the pressure gradient
across the oil-water flow and hold-up volume fraction are predicted with significant reduction in error
compared with that of conventionally employed correlations. The average error and standard deviation
values of �7.06%, 20.72% and 0.31%, 18.79% are found for stratified flow and dispersed flow respectively.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The comprehension and the accurate prediction of the pressure
gradient across liquid-liquid pipe flow is crucial for the efficient
design and operation of many industrial processes like trans-
portation of oil, separators and heat exchangers etc. In such ap-
plications, the determination of flow pattern, hold-up, pressure
gradient and other parameters are critical for the design and flow
assurance issues. Among the influencing parameters, the pressure
gradient across the oil-water flow is themost significant for process
intensification (Hapanowicz, 2021). Consequently, the pressure
gradient characteristics across the flow have been under in-
vestigations for more than five decades (Wright, 1957; Charles
et al., 1961; Ward, 1964; Dukler et al., 1964; Guzhov et al., 1973;
y Elsevier B.V. on behalf of KeAi Co
Martinez et al., 1988; Trallero et al., 1997; Angeli and Hewitt, 1998;
Elseth, 2001; Chakrabarti et al., 2005; Sotgia et al., 2008; Grassi
et al., 2008; Strazza et al., 2011; Al-Wahaibi et al., 2007a, b; Yusuf
et al., 2012; Rodriguez and Baldani, 2012; Dasari et al., 2014;
Yang, 2014; Edomwonyi-Otu and Angeli, 2014; Shi and Yeung,
2016; Yang et al., 2021).

The pressure gradient characteristics of liquid-liquid pipe flow,
in general, depends on the flowpatterns (stratified, semi-dispersed,
dual-continuous and dispersed). Here, the stratified flow refers to
the flow of less dense fluid (generally oil) atop of the high dense
fluid. With the interface become unstable at higher flow rates and
droplets emerging at the interface, the flow pattern is referred as
stratified flow with mixing interface (STMI) (Trallero et al., 1997).
When the droplets of one fluid are found into the other phase, the
flow patterns are referred as semi-dispersed (dual-continuous).
The fully dispersed is referred as the flow when fine dispersion of
one fluid into the other is observed (Brauner, 2001). A detailed
description on the classification of flow patterns is presented by
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Ibarra et al. (2014). Consequently, the two-fluid model and ho-
mogenous model are respectively employed for stratified and
dispersed flows. However, it is found to be rather equivocal on the
appropriate model to be employed for the semi-dispersed and
dual-continuous liquid-liquid pipe flow (Oliemans, 2011), since
these flow patterns exhibit both stratified and dispersed features.

The review of the liquid-liquid pipe flow indicates that the
pressure gradient is dependent on flow rates, fluid phase properties
and characteristics of pipes. In addition to the flow and fluid pa-
rameters, wettability characteristics of the pipe wall by the fluid
phases affects the pressure drop substantially (Angeli and Hewitt,
1998). For example, Angeli and Hewitt (1998), for similar pipe
diameter, flow and fluid parameters, higher pressure gradient is
observed for steel pipe than with the acrylic pipe. Similarly, Yusuf
et al. (2012) noted that the fluid fraction and fluid velocities play
an important role on the pressure drop characteristics. Also, the
phase inversion phenomenon and the effective viscosity affects the
pressure gradient across the liquid-liquid flow (Mukhaimer et al.,
2015).

1.1. Pressure gradient in liquid-liquid pipe flow

The effect of pipematerial is evident from the experimental data
of oil-water flow in acrylic and steel pipes by Angeli and Hewitt
(1998). In addition, the data of Liu et al. (2008) may be compared
with that of Chakrabarti et al. (2005). Though the experimental
data of Liu et al. (2008) and Chakrabarti et al. (2005) at exactly the
same flow conditions is not available, the data is compared for very
similar conditions. For example, for data of Chakrabarti et al.
(2005), when the flow conditions are Uso ¼ 0.06 m/s and
Usw ¼ 0.15 m/s, the pressure gradient is 31.44 Pa/m. For a similar
flow condition of Uso ¼ 0.05 m/s and Usw ¼ 0.14 m/s, the pressure
gradient observed by Liu et al. (2008) is 55 Pa/m. That is, higher
pressure gradients are observed in steel pipe compared to that of
acrylic pipe. Therefore, it may be inferred that the hydrophilic/
oleophobic pipes (steel) give higher pressure gradient than that of
hydrophobic/oleophilic (acrylic/plastic) pipes (also refer dos Santos
et al., 2006).

Similarly, with viscosity of oil phase, the pressure gradient
across the liquid-liquid pipe flow tend to increase. The work of
Vielma et al. (2008), Yusuf et al. (2012), Dasari et al. (2014),
Rodriguez et al. (2012) and Rodriguez and Baldani (2012) have not
only shown higher pressure gradients compared with low viscosity
oil-water flows, but entirely different characteristics. The increase
of water phase volume fraction increases the pressure gradient in
low viscous oil (z2 mPa,s). However, in contrast, the pressure
gradient decrease with water volume fraction for high viscous oil-
water flows. Note that both the viscosity of the oil phase and the
material of the pipe affect thewetting property and hence affect the
interfacial curvature and the area occupied by each fluid phase.

There are many analytical and empirical models available in the
literature of two phase pipe flow to describe the pressure gradient
across the flow. These models are basically developed for gas-liquid
pipe flow and subsequently adapted for liquid-liquid pipe flow. For
example: i) homogeneous no-slip flow model by Wallis (1969), ii)
drift-flux model (Zuber and Findlay, 1965), iii) the two-plate model
with flat interface (Ullmann et al., 2004; Brauner, 2001), iv) the
two-fluid model (Brauner et al., 1998) and v) empirical models
(Charles and Lilleleht, 1966). These correlations are extended to oil-
water flows and thus, the frictional pressure gradient (Rodriguez
et al., 2012) and the affecting parameters are characterized.
Further, empirical correlations and correlation using dimensional
analysis (Dasari et al., 2014) were proposed for oil-water flow.
However, many of such correlations are found to be erroneous
when employed for the experimental data beyond the range of the
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data from which they are constructed.
The analytical investigation of stratified flows is generally car-

ried out using the two-fluidmodel. Themodel is a one-dimensional
steady-state momentum equation of the two fluid phases. In other
words, the two-phase pressure drop is presented by using single-
phase pressure drop of the individual liquid phases. The mo-
mentum balance for oil phase and water phase flowing in the pipe
may be given as (refer Fig. 1 below):

Ao

�
e
vP
vz

�
� toSo ± tiSi �Aorog sin b¼0 (1)

Aw

�
e
vP
vz

�
� twSw ± tiSi �Awrwg sin b¼0 (2)

where P is pressure, z is the axial coordinate, b is the angle made
with horizontal, g is the acceleration due to gravity, Ao and Aw are
the cross-sectional areas occupied by oil and water, So and Sw are
the arc lengths of the pipe wall covered by oil and water, to and tw
are the shear stresses exerted at the pipe wall by the oil and water,
Si and ti are the interfacial arc length and interfacial shear stress,
respectively.

The two-fluid model, Eq. (1) and Eq. (2), is supported by
appropriate closure equations at the wall and the interface. The
closure relations required for the wall and interfacial shear stress
are generally in terms of friction factor (Brauner et al., 1998;
Brauner, 2001). Employing these parameters for horizontal flow
(b ¼ 0) and considering Uo z Uw, the pressure gradient across the
liquid-liquid pipe flow and the hold-up volume fraction may be
determined using,

�
vP
vz

�
¼
��toSo � twSw

Ao þ Aw

�
(3a)

toSo
Ao

� twSw
Aw

þ tiSi

�
1
Aw

þ 1
Ao

�
¼0 (3b)

Here, the shear stresses at the wall (tw and to) and interfacial
stress (ti) are calculated (Edomwonyi-Otu and Angeli, 2014; Al-
Wahaibi, 2012) using

tw¼ fwrwU
2
w

2
; fw ¼ m Re�n

w (4a)

to¼ foroU
2
o

2
; fo ¼ m Re�n

o (4b)

ti ¼
firf ðUw � UoÞ2

2
; (4c)

�
fi ¼ fw and rf ¼ rw for Uw >Uo
fi ¼ fo and rf ¼ ro for Uw < Uo

Rew¼ rwUwDhw
mw

(4d)

Reo¼ roUoDho
mo

(4e)

where Uw and Uo are water and oil phase velocities and Dh is hy-
draulic diameter of pipe defined for oil and water phase as:



Fig. 1. Representation of geometric parameters and interfacial shapes.
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Dhw ¼ 4Aw=ðSw þ SiÞ

Dho ¼4Ao = ðSoþ SiÞ
The constants m and n are: either 0.046 and 0.2 (Knudsen and

Katz, 1954; Brauner, 2001) or 0.0792 and 0.25 for turbulent
regime and 16 and 1 laminar regime (Edomwonyi-Otu and Angeli,
2014). Using Fig. 1, the geometric parameters are described as
(Edomwonyi-Otu and Angeli, 2014):

� Wall perimeter occupied by oil phase, So ¼ D cos�1
�
2hw
D � 1

�
� Wall perimeter occupied by water phase, Sw ¼ pD e So
� Interfacial length, Si ¼ D [1e(2hw/D e 1)2]0.5

� Cross section area of pipe filled by oil phase, Ao¼ 0.25 D [(Soe Si)
(2hw/D �1)]

� Cross section area of pipe, A ¼ (p/4) D2

� Cross section area of pipe filled by water phase, Aw ¼ A e Ao
� Oil hold-up, Ao/A
� Water hold-up, Aw/A
� In-situ oil velocity, Uso/Ho
� In-situ water velocity, Usw/Hw

and the corresponding friction factors (fw and fo). Rew and Reo are
respective fluid Reynolds number. Dhw and Dho are hydraulic
diameter of water phase and oil phase.

While deriving the exact solutions for stratified oil-water pipe
flows, assuming flat interface, for a given hold-up fluid fraction,
Biberg and Halvorsen (2000) indicated that the interface curvature
of horizontal flows are dependent on the viscosity ratio of the fluid
phases. In this context, it may be noted that Ng et al. (2004)
observed that due to the interactions of the oil and water at the
interface and at the wall, the respective equivalent friction factors
are quite inconsistent and indicated that the equivalent friction
factors are difficult to formulate. Extending the two-fluid model,
Chakrabarti et al. (2005) developed model by considering the
minimization of the total two-phase system energy (phases have
the same pressure drop). Further, by adapting the closure relations
of Brauner et al. (1998), Chakrabarti et al. (2005) found the varia-
tions in pressure gradient predictions by 40%e200%. Similarly,
Ullmann and Brauner (2006) proposed the empirical relations for
thewavy-stratified flow pattern taking into consideration the effect
of waves on the interface shear and found the pressure gradient
within ±20% variation. Rodriguez and Oliemans (2006), incorpo-
rating the wave roughness into the two-fluid model, predicted the
pressure gradients with an accuracy of 35%. On this, Oliemans
(2011)noted that the average errors for the two-fluid model for
stratified flow are in the 20%e40% range with errors exceeding
100%. Later, Rodriguez and Baldani (2012) established a newclosure
relation incorporating the constant-curvature arc as interface with
high viscous oil-water flow in a glass pipe. A comprehensive
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analysis of two-fluid model was conducted by Edomwonyi-Otu and
Angeli (2014) with stratified and stratified wavy flow patterns.
Recently, Bochio et al. (2021) carried out investigation of high
viscous oil-water flow using large eddy simulation (LES) and wire-
mesh sensor to capture the interface to enhance the prediction of
two-fluid model.

Note that, in the presently employed friction factor correlations
in the literature for oil-water flow, the interfacial curvature (effect
of pipe material) and the interfacial curvature are not incorporated.
That is, in the literature of liquid-liquid flow, as mentioned above in
section 1.1, the friction factor (f) employed is that of defined for
single-phase flow. That is, f ¼ C/Ren (C ¼ 16 and n ¼ 1 for laminar
and C ¼ 0.0792 and n ¼ �0.25 for turbulent). Also, C ¼ 0.046 and
n ¼ �0.2 for turbulent is recommended (Knudsen and Katz, 1954;
Brauner et al., 1998). The values of constants and exponents (C and
n) are derived from experimental data of either single phase flows
or low viscous oil-water flow. While the Reynolds number of each
phase is calculated using Rew or Reo (Eq. (4d) and Eq. (4e)), the
interface is assumed flat. In reality the interface is rarely flat due to
the material (contact angle or wetting angle) of the pipe and/or the
viscosity of the oil phase. Consequently, the assumption of the flat
interface is erroneous and possibly an error of ±15% in the Reynolds
number due to the hydraulic diameter formulation (Ahmed and
John, 2021a).

Further, for dispersed liquid-liquid pipe flow, in general, the
homogeneous flow model is applied. The homogeneous model al-
lows the two fluid phases to be considered as an equivalent single
phase with averaged properties. As a result, the shear stresses are
predicted using single phase friction factor equation, which are
calculated by volume averaging the physical properties (viscosity
and density) of fluid phases. That is:

dp
dz

¼ �fmrmU2
m

2D
� rmg sin b (5a)

where

rm ¼ rwεw þ ð1� εwÞ ro (5b)

mm ¼mwεw þ ð1� εwÞ mo (5c)

εw ¼ Uws

Uws þ Uos
(5d)

Rem ¼ rmUmD
mm

(5e)
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0
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þ

0
B@ k
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1
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1:111CCA
1
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Here, Um is the mixture velocity, D as the diameter of pipe, k is the
roughness of pipe, fm is the mixture Fanning friction factor which is
function of mm (mixture viscosity) and rm is the mixture density
(Martinez et al., 1988; Elseth, 2001). Yusuf et al. (2012) investigated
the homogenousmodel and found that themodel is appropriate for
low oil viscosities. However, discrepancies are found when oil was
continuous phase. By analyzing the pressure gradient data available
in the literature, consisting of various flow patterns (stratified with
interfacial droplets and dual continuous) and for a range of fluid
properties (0.0016e0.028 N/m2 and 790e875 kg/m3), Al-Wahaibi
(2012) proposed the modified friction factor of Zigrang and
Sylvester (1985) for oil-water flow and referred as corrected fric-
tion factor (fcor),

1ffiffiffiffiffiffiffi
fcor

p ¼ �2 log

0
BB@ k

D
0:25

� 4:518
Rem

log

0
BB@ 6:9
Rem

þ

0
B@ k

D
0:25

1
CA

1:111CCA
1
CCA

(6a)

and

dp
dz

¼ 2:4

 
fcorrmU2

m
2D

!0:8

(6b)

Accordingly, the satisfactory prediction of the pressure gradient
using equation (Eq. (6b)) is demonstrated.

Later, Dasari et al. (2014) developed correlations for the pressure
gradient in oil-water flow i) by modifying the LockharteMartinelli
and two-phase multiplier parameter and ii) using dimensionless
analysis (Buckingham's Pi-theorem) (refer Eq. (7)).

DP
L

¼3:25Re�1:15
so Re0:19sw

�
s

Uswmw

�0:001
 
U2
soro
D

!
(7)

where DP
L , Reso, Resw, Uso, Usw, D, r, m, s are pressure gradient across

the flow, superficial Reynolds number of oil, superficial Reynolds
number of water, superficial velocity of oil phase and water phase,
diameter of pipe, density and viscosity of oil and water and surface
tension between the oil and water respectively. Further, note that
the pressure gradient correlation proposed by Dasari et al. (2014)
(Eq. (7)) effectively may be simplified as,

DP
L

¼ fo�w*

 
U2
soro
D

!
(8a)

where fo-w is friction factor of oil-water flow and given as:

fo�w ¼ 3:25Re�1:15
so Re0:19sw

�
s

Uswmw

�0:001
(8b)

The above equation is similar to that of existing general pressure
gradient formulation,

DP
L

¼ f *

 
U2r

D

!
(8c)

Therefore, the pressure gradient correlation of Dasari et al.
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(2014) is indeed the general form of pressure gradient equation
(refer Eq. (8a)) with a friction factor (fo-w) for oil-water flow. The
two-phase friction factor, fo-w, is represented as function of super-
ficial Reynolds number of oil and water phase and other dimen-
sionless number consisting of viscosity of water and interfacial
tension, Eq. (8b). Though, Dasari et al. (2014) takes parameters like
interfacial tension into consideration, the contact or wetting angle
was not considered. Here, note that the contact/wetting angle
characterizes the interfacial curvature (in lieu of material of pipe)
considering that Angeli and Hewitt (1998) found significant influ-
ence of pipe material on the pressure gradient of oil-water pipe
flows.

Recently, Hapanowicz (2021) proposed an empirical relation on
the pressure gradient with reference to single phase fluid flow, Eq.
(9). The constant C and exponents (n1en5) values are defined based
on the flow pattern (dispersed w/o, dispersed o/w and stratified
with mixing at the interface).

DP2f
DPw

¼C$Rn1
dp$R

n2
cp

�
4o
4w

�n3

$

�
DPo
DPw

�n4
�
ho
hw

�n5

(9)

Though the above equation (Eq. (9)) do not provide the pressure
gradient explicitly, it gives oil-water pressure gradient ratio with
reference to the pressure gradient using solely the water phase. In
summary, the analysis of experimental data available in the liter-
ature, reveals that the complexity of the liquid-liquid pipe flow is
mainly considered due to: the wetting property of the fluids due to
pipe material (Angeli and Hewitt, 1998), viscosity of oil phase (Liu
et al., 2008; Dasari et al., 2014; Rodriguez and Baldani, 2012),
flow patterns, fluid fraction and dynamics at the interface (Ng et al.,
2004; Hapanowicz, 2021).

Accordingly, the objectives of the present work are as follows. To
evaluate the two-fluid model replacing the fluid phase velocities
(Uo and Uw) in the wall and interfacial stress equations with the
superficial velocities (Uso and Usw) of fluid phases for stratified oil-
water flow. To perform dimensional analysis and incorporate the
parameters like contact/wetting angle, viscosity of oil phase, and
fluid volume fraction into the empirical friction factor correlations
employed in the two-fluid model. Besides, to investigate dispersed
flow using the effective oil-water Reynolds number defined as sum
of superficial Reynolds number of water and oil phase.

In the present work, the flow patterns of oil-water flow are
classified into two groups as: i) stratified (constitutes stratified,
stratified wavy and referred as S) and ii) dispersed (consisting of
dual-continuous and fully dispersed and referred as D). In the
literature, the flow patterns like the dual-continuous (with strati-
fication with dispersion of droplets in each fluid phase) flow
pattern is considered ambiguous since it exhibits a semblance of
both stratified and dispersed (Rodriguez et al., 2012). The experi-
mental data (19 data sets-Table 1) available in the literature are
employed for the present investigation. In addition, data obtained
from the experiments conducted using high viscous oils (202 and
630 mPa,s) are analyzed.

2. Methods

2.1. Friction factor correlations - stratified flow

Incorporating the parameters that affect the oil-water flow
mentioned above, the respective fluid phase Fanning friction fac-
tors may be described as a function,

fw ¼ f ðUsw;D; rw;mw; q;Um;moÞ (10a)

fo ¼ f ðUow;D; ro;mo; q;Um;mwÞ (10b)



Table 1
Experimental data (present experiments and data from literature).

Author Diameter of pipe,
mm

Material of
pipe

Viscosity ratio, mo/
mw

Density ratio, ro/
rw

Flow
pattern

E€otv€os number, DrgD2/
8s

No. of data sets

Valle and Kvandal (1995) 37.50 Glass 2.3 0.794 D e 10
Nadler and Mewes (1997) 59.00 Perspex 27 0.841 S, D 40.02 8, 16
Trallero et al. (1997) 50.13 Acrylic 29 0.850 S, D 12.66 11, 20
Angeli and Hewitt (1998) 24.00 Acrylic 1.6 0.801 S, D 8.47 9, 43
Angeli and Hewitt (1998) 24.30 Steel 1.6 0.801 S, D 8.47 3, 62
Elseth (2001) 56.30 Acrylic 1.64 0.790 S, D 18.78 8, 43
Lovick and Angeli (2004) 38.00 Steel 6.0 0.828 D 7.60 45
Chakrabarti et al. (2005) 25.00 Acrylic 1.2 0.787 S, D 3.63 45, 19
Rodriguez and Oliemans (2006) 82.80 Steel 9.38 0.783 D 94.67 20
Al-Wahaibi et al. (2007b) 14.00 Acrylic 5.5 0.828 S, D 1.04 18, 18
Vielma et al. (2008) 50.03 Acrylic 13.5 0.858 S, D 28.13 6, 46
Liu et al. (2008) 26.60 Steel 3.5 0.828 S, D 4.77 13, 25
Al-Yaari et al. (2009) 25.40 Acrylic 1.57 0.780 S, D 9.92 5, 17
Rodriguez et al. (2012) 26.00 Glass 100 0.860 D e 33
Rodriguez and Baldani (2012) 26.00 Glass 280 0.828 S 4.27 6
Yusuf et al. (2012) 25.40 Acrylic 12 0.875 S, D 4.84 5, 47
Edomwonyi-Otu and Angeli

(2014)
14.00 Acrylic 5.5 0.828 S 1.04 38

Dasari et al. (2014) 25.00 Acrylic, PMMA 107 0.889 S, D 3.48 14, 61
Bochio et al. (2021) 26.00 Glass 204 0.886 S 4.27 9
Present - R 15.90 Steel 202 0.901 S, D 1.20 12, 14
Present - Y 15.90 Steel 630 0.919 S, D 1.06 13, 15
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The parameters in the above equations Eq. (10a) and Eq. (10b),
are similar to that employed by Dasari et al. (2014) except the
contact/wetting angle ratio (q) and mean flow velocity (Um). The
dimensionless term for contact angle is defined as, qc ¼ q

90 : Here,
the denominator value of 90� is angle of flat interface which is
taken as reference to non-dimensionalize the contact angle (Fig. 1).
Note that, in the present analysis, the interfacial tension (s) is not
included considering that Wahid et al. (2021) demonstrated the
insignificance of interfacial tension. Accordingly, the dimensional
analysis signifies that the fluid phase friction factor (fw and fo)
correlations as a function of wetting angle, fluid volume fraction,
superficial Reynolds numbers of oil and superficial Reynolds
number of water and given as:

fw¼A ðReswÞa ðqcÞb ðεwÞc
�
mo
mw

�d

(11a)

fo¼A ðResoÞa ðqcÞb ðεwÞc
�
mo
mw

�d

(11b)

Here, the constant A and the exponent's a, b, c and d may be
determined employing the data of the present experiments and the
data from the literature. Due to the consideration of superficial fluid
velocities (Usw and Uso) as parameters, note that the dimensional
analysis results in the superficial Reynolds number (Resw and Reso)
and not fluid phase Reynolds number (Reo and Rew).

2.1.1. Wall and interfacial stresses defined
In the literature, for two-fluid model, the usage of fluid phase

Reynolds numbers (Reo and Rew) (Eq. (4d) and Eq. (4e)) in friction
factor correlations and phase fluid velocities (Uw and Uo) in the wall
stress and interfacial stress correlations is the practice. However, in
the present work, the mean velocity (Um) to describe the wall
stresses (tw and to) and the superficial velocities of fluid phases to
describe the relative momentum between the fluid phases at the
interface are chosen. The primary rationale for this consideration is
as follows. The fluid phase velocities (Uw and Uo) are unknown and
are generally calculated using the fluid volume fraction (Uo ¼ Uso/
Ho and Uw ¼ Usw/Hw). Here, Usw and Uso are superficial velocities of
water phase and oil phase respectively. Ho and Hw are hold-up
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fraction of respective oil phase and water phase. In particular, at
low fluid volume fraction, the fluid velocities (Uo and Uw) obtained
using the in-situ fluid velocity equations (given in section 1.1 above)
are implausible. For example, for the data of Trallero et al. (1997), at
superficial velocities Usw ¼ 0.02 m/s and Uso ¼ 0.25 m/s, the fluid
phase velocity Uw and Uo are found to be 0.61 and 0.26 m/s
respectively. The water phase attaining Uw ¼ 0.61 m/s is unlikely
given that the mean velocity of flow is around Um ¼ 0.27 m/s.
Further, with the volume fraction of water phase just less than 10%
and flowing at the bottom of the pipe near wall (no-slip), the ve-
locity of water phase as Uw ¼ 0.61 m/s certainly improbable.

To further corroborate this aspect, the instantaneous velocity
profiles obtained by Elseth (2001) and Ibarra et al. (2018) may be
examined. From these instantaneous oil-water flow velocity pro-
files, for low water volume fraction, though the oil phase velocity
(Uo) is 1.5 times of mean flow velocity (z1.5Um) at the center of
pipe, the water phase velocity (Uw) may only approximate to the
mean flow velocity (zUm). Therefore, the water phase velocity at
low water volume fraction exceeding the mean flow velocity many
times is not only unlikely but erroneous. In actual, the fluid phase
velocities do not linearly change with the geometric cross section
occupied by the fluid phase. Rather, the fluid phases tend to retain
the mean velocity of flow with no-slip at the wall. That is,
Uo z Uw z Um (Hapanowicz and Polaczek, 2013). Therefore, it may
be inferred that the fluid phase velocity, at low fluid volume frac-
tion, calculated using respective fluid volume fraction is rather a
“geometrical construct” and such fluid phase velocities are not found
in practice. Thus possibly resulting in very high errors of ranging
100%e200% (Oliemans, 2011) in the prediction of pressure gradient.
Incidentally, the high errors are found only at low fluid volume
fractions.

In addition, the analytical rationale for this modification may be
inferred from the following. Clausse and de Bertodano (2021)
indicated that the mixture (mean) velocity of flow and relative
velocity between the fluid phases satisfies the natural motion
modes (yields non-elliptical equations) towards solving the ill-
posedness of the two-fluid model. Consequently, in the wall
stress correlation given above, the average velocities of respective
fluid phase are replaced by the mean velocity of flow (Um) defined
as the sum of superficial velocity of water and oil (Um ¼ Uso þ Usw).
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Further, as suggested by Clausse and de Bertodano (2021), that the
relative motion between fluid phases should be represented by a
parameter that satisfactorily characterizes respective transport
phenomenon rather than an “auxiliary variable” that is determined
frommixture variables and the fluid volume fractions. Accordingly,
the interfacial stress correlation proposed in the present work (Eq.
(12c)) is also incorporated with superficial velocities of oil and
water phase replacing the fluid phase velocities. It may be noted
that Eq. (12c) indicates the kinetic energy/momentum exchange at
the interface. For further details on the mathematical analysis may
be referred from Clausse and de Bertodano (2021).

Employing the proposed friction factors correlations, Eq. (11a)
and Eq. (11b), the respective wall stresses (tw and to) and interfa-
cial stress (ti) may be determined as,

tw ¼ fwrwU
2
m

2
(12a)

to ¼ foroU
2
m

2
(12b)

ti ¼
Ɛf
�
foro U2

so � fwrwU
2
sw

�
2

(12c)

where Ɛf ¼
�
Ɛw;Ɛw � 0:5
Ɛo;Ɛw <0:5 , and therefore, the pressure gradient of

stratified oil-water flow using the two-fluid model may be deter-
mined using Eq. (3). Also, the recent work of Dorao et al. (2018),
Ahmed and John (2021b) on the oil-water flow heat transfer
characteristics noted that the effective Reynolds number (based on
the superficial Reynolds numbers) of two-phase flow systems
better describes the oil-water flow and results in the enhanced
prediction of the heat transfer characteristics.
2.2. Effective friction factor e dispersed flow

The flow patterns constituting dual-continuous, semi-dispersed
and fully dispersed are categorized as dispersed and hence ho-
mogeneous model is applied. In the literature, the homogenous
model is applied to the flow with homogeneity in both scale and
spread. In other words, the flow is fully dispersed. However, the
flow patterns like semi-dispersed or dual continuous, the interface
is sufficiently ruptured with droplets of one fluid phase into the
other fluid phase are non-homogenous. With this into consider-
ation, it is likely that the fluid phases have attained sufficient
“chaos” or turbulence and hence, dual-continuous is evaluated using
homogenous model. Employing the existing friction factor corre-
lation of Zigrang and Sylvester (1985) but with effective Reynolds
number (Reeff), the homogenous model is evaluated. Accordingly,
the effective friction factor for liquid-liquid flow is defined as:

Reeff ¼Resw þ Reso (13a)

1ffiffiffiffiffiffiffi
feff

p ¼ � 2 log

0
BB@k=D
3:7

� 4:518
Reeff

log

0
BB@ 6:9
Reeff

þ

0
B@k=D
3:7

1
CA

1:111CCA
1
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(13b)

Dp
L

¼
 
feff rmU2

m
2D

!
(13c)

In the literature, the mean friction factor (fm) is determined
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using Eq. (5f), and by employing the mean or mixture Reynolds
number (Rem) (Eq. (5e)). The Rem is calculated based on aggregate
fluid properties like density and viscosity. Though, in the literature,
it is demonstrated that the aggregate mean density (rm ¼
4wrw þ4oro) may satisfactorily characterize the flow, considerable
discrepancy arise with the aggregate mean viscosity (mm ¼
4wmw þ 4omo) or effective viscosity (correlations of Roscoe, 1952,
Brinkman, 1952 and Pal, 1993) with 4 as fluid volume fraction. In
other words, these mean viscosity correlations do not characterize
the viscosity of oil-water flow in general and are found to be
erroneous (Hapanowicz and Polaczek, 2013; Mukhaimer et al.,
2015). Such deviations in the determination of effective viscosity
gets amplified when the viscosity differential between the two
phases is large. For example, from the data of Dasari et al. (2014),
when Usw ¼ 0.53 m/s and Uso ¼ 0.12 m/s, the mean or mixture
Reynolds number is found to be Rem ¼ 775 (laminar regime). In
reality, the flow is not laminar. However, for the same flow condi-
tions, the superficial Reynolds numbers of water and oil are found
to be Resw ¼ 13,250 and Reso ¼ 25. That is, the effective Reynolds
number is Reeff ¼ Reso þ Resw ¼ 13,275 (turbulent regime). There-
fore, it may be reasoned that the effective Reynolds number (Reeff)
better represents the flow regime than the mean or mixture Rey-
nolds number (Rem) for wide range (from low to high) of oil
viscosities.

Note that the effective friction factor correlation, Eq. (13b), is
without any modification of Zigrang and Sylvester (1985). The
friction factor correlation of Zigrang and Sylvester (1985) is selected
since Eq. (13b), according to Zigrang and Sylvester (1985), offers a
reasonable compromise between complexity and accuracy and
recommended for calculation of all friction factors for turbulent
flows for all roughness ratios and Reynolds numbers. Also, re-
searchers like Angeli and Hewitt (1998), Al-Wahaibi (2012), Al-
Wahaibi et al. (2007b) have employed this friction factor correla-
tion for investigation of semi-dispersed (dual-continuous) and
dispersed oil-water flow.

2.3. Experimental methods

The experiments are conducted in the multi-phase flow set-up
available at C. Abdul Hakeem College of Engineering and Technol-
ogy, India. The multiphase flow test rig is made up of 1.59 cm
diameter stainless steel pipe of 11.25 m length with length to
diameter ratio of 708 and the pipe is mounted horizontally. A
schematic of experimental set-up is shown in Fig. 2. The oil and
water are supplied from respective tanks. Water and oil from
respective tanks are allowed to enter into the test section through a
T-junction. The experimental set-up and the oil phases is same as
that of employed by Ahmed and John (2021a) but for the steel pipe
is extended to 11.25 m and thus may be referred for more details.
The viscosity and density of oil phases are: 202, 630mPa,s and 901,
919 kg/m3 respectively. In the present experiments, stratified (ST),
stratified wavy (SW) and dispersed (o/w and w/o) are considered
(refer Fig. 4). The flow rates are assured to commensurate with the
flow patterns. That is, the oil andwater flow rates are in the range of
0.022e0.56 m3/s resulting in the superficial velocity range of oil
and water respectively as 0.11 < Uso < 2.8 m/s and 0.11 < Usw <
2.8 m/s. For the observed flow patterns in the present experiments,
the superficial velocities of oil phase and water phase are plotted in
Fig. 3. Also, in Fig. 3, the superficial velocities of oil and water
observed by Dasari et al. (2014) for similar flow patterns are
plotted. For the stratified and stratified wavy flow patterns, no
pump is used and the head of 2 m is found to be sufficient. How-
ever, for higher flow rates (dispersed flow), 0.5 hp pump is
employed. The flow rates are measured using gear flow meter
(accuracy ±1%) for oil and turbine flow meter (accuracy ±0.5%) for



Fig. 2. Schematic illustration of experimental test setup.

Fig. 3. The flow pattern maps of the present experimentation and Dasari et al. (2014).
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water. Pressure gradient across the oil-water flow is measured
using calibrated pressure transducer (Equinox make: �1 bare3 bar
with an accuracy of ±1% FS). Two pressure taps are located at 2 m
and at 9.75 m from the entry resulting in 7.75 m as test section
effectively. In-situ volume fraction of fluid phases are obtained
using quick-closing-valve technique. Two manually controlled
valves are located after the test section and 0.6 m apart. The in-situ
hold-up experiments are not conducted for dispersed flow. At the
end of the test section, the oil-water is allowed into tank for sep-
aration of the oil and water by gravity. The separated oil is pumped
back to the respective storage tank with water discarded and fresh
water is supplied to water tank. For visualization of flow patterns
observed, a transparent acrylic pipe of similar diameter is attached
at the entry and exit of the test section and flow patterns are
captured using Nikon D3300 high speed camera. The captured
images are given in Fig. 4. The stratifiedwavy flow patterns for oil-R
and oil-Y are given in Fig. 4(a) and (b). Similarly, the oil dominated
dispersed flow patterns (Dw/o-o) observed for oil-R and oil-Y are
given as Fig. 4(c) and (d) and the water dominated dispersed flow
(Do/w) is shown as Fig. 4(e) and (f).

Further, to determine the roughness of experimental test steel
pipe, experiments are conducted using water. The procedure
adapted by Angeli and Hewitt (1998) using correlation of Zigrang
and Sylvester (1985) is followed. The data obtained is fitted to es-
timate the roughness of test section pipe and the wall roughness is
found to be 7.70 � 10�5 m. There are about 54 data collected
comprising different flow patterns. In addition, tests are repeated
for each flow pattern to verify the repeatability. Accordingly, the
uncertainties in the pressure measurements range ±8.45% for low
flow rate stratified flow measurements and ±1.42% for high flow
rate dispersed flow measurements with 95% confidence. The
experimental uncertainty of the fluid flow rates in the present ex-
periments are estimated to be ±1.28% with 95% confidence.
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2.4. Error analysis

Further, to determine the error in the proposed correlations,
Eqs. (11) and (12), for stratified flow and formulations, Eq. (13a) to
Eq. (13c), average error (AE), absolute average error (AAE) and
standard deviation (SD) of error in the pressure gradient prediction
of each data set are respectively evaluated using Eq. (14a) to Eq.
(14c).

AE¼1
n

XDPexp � DPpre
DPexp

� 100 (14a)

AAE¼1
n

X��DPexp � DPpre
��

DPexp
� 100 (14b)

SD¼
2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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n� 1

X���DPexp � DPpre
��

DPexp

�2
s 3

5� 100 (14c)
3. Results and discussion

3.1. Stratified flow (stratified and stratified wavy)

The pressure gradient measured for various superficial oil and
superficial water velocities, across the 7.75 m test section of steel
pipe for stratified and stratified wavy, using high viscous oils are
shown in Fig. 5(a) (oil-R) and Fig. 5(b) (oil-Y). Fig. 6(a) and (b) shows
the pressure gradient variation with water mass fraction. From
Figs. 5 and 6, it may be inferred that the pressure gradient decrease
with increase in water mass fraction. This is similar to the obser-
vation in the literature (Nadler and Mewes, 1997; Rodriguez and



Fig. 4. Photographs of oil-water flow representing flow patterns, (a) and (b) stratified and stratified-wavy; (c) and (d) dispersed (water-in-oil/oil); (e) and (f) dispersed (oil-in-
water).

Fig. 5. Stratified flow pressure gradient (Pa/m) for various superficial velocity of oil (Uso) and water (Usw), (a) oil-R and (b) oil-Y.

Fig. 6. Stratified flow pressure gradient (Pa/m) versus input water fraction, (a) oil-R and (b) oil-Y.

S.A. Ahmed and B. John Petroleum Science 20 (2023) 3766e3782
Baldani, 2012; Dasari et al., 2014), that the increase in the water
mass fraction decrease the pressure gradient of moderate and high
3773
viscous oil-water flow. As noted in the previous sections, that the
behavior of decreasing pressure gradient with increase of water
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phase is specific tomoderate and high viscous oil-water flows. Note
that, for low viscous oil-water flows, the increase in water phase
increases the pressure gradient (Angeli and Hewitt, 1998,
Chakrabarti et al., 2005).

As described in the preceding sections, the experimental data
shows that for low viscous oil-water flows (moz2 mPa,s), the
pressure gradient increases with increase of water mass fraction. In
contrast, for oil viscosities >2 mPa,s, the pressure gradient de-
creases with water mass fraction. Based on this consideration, for
the present analysis the experimental data is yet again classified as:
i) data sets with viscosity of oil up to 2 mPa,s, ii) data sets with oil
viscosities from 2 to 100 mPa,s, and iii) data sets with oil viscosity
>100 mPa,s. This is similar to the classification as: oil phase
<10 mPa,s is considered as low viscous oil, 20e100 mPa,s as me-
dium viscous oil and >100 mPa,s as high viscous oil (Abubakar
et al., 2015; Tan et al., 2018). However, note that the present clas-
sification is based on the distinctive flow behavior in relation to
water phase volume fraction. Employing the friction factor corre-
lations, Eqs. (11a) and (11b), developed using dimensional analysis
(refer section 2.1) for stratified and stratified wavy (referred as S),
the experimental data of stratified and stratified wavy flow pattern
obtained from the literature is analyzed. Here, note that
Edomwonyi-Otu and Angeli (2014) evaluates the two-fluid model
with experimental data of stratified (separated) regions: stratified,
stratified wavy and rivulet. Accordingly, rivulet flow pattern data is
also included in the analysis as stratified. For the analysis of Eqs.
(11a) and (11b), the values of contact angles for different pipe
materials are based on the recommendations by Rodriguez and
Baldani (2012). The wetting angles of 60

�
for steel, 110

�
for acrylic

and 30
�
for glass are considered, unless specified in the respective

research work. Since the experimental data using glass pipe is only
of Rodriguez and Baldani (2012) and Bochio et al. (2021), the con-
tact angle (30

�
) observed by Rodriguez and Baldani (2012) is

employed in the present analysis. The multivariate regression
technique is employed. Accordingly, from regression analysis, the
constant (A) and exponents (a, b, c and d) of the friction factor
equations, Eqs. (11a) and (11b), are determined and indicated in
Table 2. The experimental data of Elseth (2001), Al-Wahaibi et al.
(2007b), Bochio et al. (2021) and the present experiments are
considered as test data and hence not included in the regression
3.1.1. Effect of viscosity ratio
From the regression analysis, the viscosity ratio is found to

significantly enhance the prediction of pressure gradient for mod-
erate viscosity oil-water flows but not for the low and high viscous
oil-water flows. For low viscous oil-water flows range only (refer
Table 1) from 1.2 mPa,s (Chakrabarti et al., 2005)e1.64 mPa,s
(Elseth, 2001). This behavior is expected for low viscous oil-water
flow. Since the viscosity of oil and water are comparable, the
Table 2
Constants in friction factor equations, Eqs. (11a) and (11b).

S.No Viscosity,
Pa$s

Fluid phase friction factor a
ðResf Þ

1.
0.001
�

0.002

fw �0.193
fo �0.151

2.
0.002
�

0.10

fw �0.813
fo �0.675

3.
>0.1 fw �0.161

fo �0.934
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attainment of turbulence (boundary layer characteristics) in both
fluid phases would be almost concurrent. Further, as there is suf-
ficient evidence on the effect of viscosity, it is evident for moderate
viscous oil-water flow. Here, note that the available viscosity range
is from 2 to 100 mPa,s and the experimental data available range
from 3.5 (Liu et al., 2008)e29 mPa,s (Trallero et al., 1997). There is
no data available with viscosity ratio ranging from 29 to 100. With
more experimental data in this range (29e100 mPa,s), friction
factor may further be enhanced. Interestingly, though it is highly
probable that there is significant effect of viscosity of oil on friction
factor, the analysis shows the contrary. This could possibly due to
the very narrow range of oil viscosity considered for analysis
(107mPa,s (Dasari et al., 2014), 280 mPa,s (Rodriguez and Baldani,
2012), 202 and 630 mPa,s of the present work).

3.1.2. Effect of superficial velocities and superficial Reynolds
number of fluid phases

The exponent values of superficial Reynolds number range
from �0.15 to �0.93 across the entire range of oil viscosity
considered. Interestingly, these values are approaching to the
exponent values of Blausius equation (m ¼ �0.2 for turbulent and
m¼�1 for laminar in equation f¼ CRem). Note that, for low viscous
oil-water flows, the superficial Reynolds number exponents
are�0.193 and�0.151 for water and oil respectively. Here, note that
the contribution of both oil and water phase to the pressure
gradient almost equally for low (<2 mPa,s). For moderate
(2e100 mPa,s) viscous oil-water flow, the superficial Reynolds
number exponent values observed are�0.813 and�0.675 for water
and oil respectively. Incidentally, these values are nearer to the
single phase laminar flow friction factor Reynolds number expo-
nent of �1. Also, for both low viscous and moderate viscous oil-
water flows, note that the water superficial Reynolds number
value contributes lesser than that of oil superficial Reynolds num-
ber. However, for moderate viscous oil, the exponent values for
water superficial Reynolds number are higher than that of low
viscous oil-water flow. Possibly, due to the acceleration of water
fluid phase. Here, it may recalled that, for moderate and high
viscous oils, the water phase accelerate compared to that of oil
phase indicated by their hold-up values (Trallero et al., 1997;
Rodriguez and Baldani, 2012; Edomwonyi-Otu and Angeli, 2014).
Further, in contrast, for high viscous (>100 mPa,s) oil-water flows,
the water phase superficial Reynolds number value is much greater
than that of the oil phase superficial Reynolds number value. Note
that the oil phase remains laminar for much higher flow rates
compared to that of low and moderate viscous oil-water flows.

3.1.3. Effect of wetting angle
Representing the interfacial curvature, the effect of contact/

wetting angle on the pressure gradient may be noted. The
b
ðqcÞ

c
ðεwÞ

d�
mo
mw

� A
(constant)

�0.778 0.252 �0.012 0.067
�0.791 �0.075 �0.207 0.032

�1.095 0.672 0.813 1.68
�1.142 �0.595 0.062 0.355

�0.381 �0.324 0 1786.44
0.029 �1.327 0 0.385
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dimensionless contact angle term for low viscous oil-water flow
(with exponential value of: �0.753 for water phase and �0.791 for
oil phase), effectively contributes higher for steel pipe (wetting
angle ratio: qc ¼ 0.67) compared with the acrylic pipe (wetting
angle ratio: qc ¼ 1.22). Consequently, the higher pressure gradient
for the steel pipe than that of acrylic pipe is observed which con-
forms to the experimental observation. Similar to the observation
for low oil-water flow, the wetting angle term affects the friction
factors of moderate and high viscous oil-water flows. Further, it
may be emphasized that the contact (wetting angles) suggested in
the literature are measured under static condition and hence, the
dynamic contact angle may differ (Rodriguez and Baldani, 2012).
The contact/wetting angle also dependent on the pipe material
being pre-wettedwith either oil or water phase (Angeli and Hewitt,
1998). However, the wetting angles are rarely measured in the
literature and are generally not available with the oil-water pres-
sure gradient investigations.

3.1.4. Effect of fluid phase fraction
The water fraction is found to affect the moderate and high

viscous oil-water flow significantly. For high viscous oil-water flow
with high oil phase fraction, the effect of oil phase friction factor is
found to be substantially high. Similarly, for moderate viscous oil-
water flow (2e100 mPa,s), the increase of water fraction
decrease the pressure gradient. Note that the phenomenon is
similar in both moderate and high viscous oil-water but on lesser
magnitude compared to high viscous oil. However, for the experi-
mental data with low viscosity <2 mPa,s, the effect of water frac-
tion on the friction factor or pressure gradient is not very
significant.

Applying these friction factor correlations (Eq. (11)) in two-fluid
model, Fig. 7 shows the experimental pressure gradient and the
predicted pressure gradient for the data (including present exper-
iments) listed in Table 1. A 20% error line is also indicated. Details of
average error, absolute average error and standard deviation in the
prediction of pressure gradient of each data set calculated using
equations, Eqs. (11) and (12) are given in Table 3. The prediction is
improved for all data sets with 90% of experimental data is pre-
dicted within ±30% and 75% of the experimental data is predicted
within ±20%. Though the prediction of the data of Bochio et al.
(2021) is improved using the proposed correlation, yet the pre-
diction error is in range of z70%.

According to Oliemans (2011), average errors in the range of
20%e40% and with maximum error exceeding 100% are common.
However, the prediction using the proposed correlations results in
average range of errors are substantially reduced to 5%e25% with
maximum error in the order of 60%. Notably, the high errors of
z200% (Chakrabarti et al., 2005) at low volume fractions
(Rodriguez et al., 2012) observed in the literature are not found.
Note that Rodriguez et al. (2012) observed that the high errors
systematically observed at low volume fraction may not be attrib-
uted to experimental uncertainties but on the closure relations.
Nevertheless, using the proposed correlations, the maximum error
(z60%) observed are not specific to low volume fraction rather
random. Further, for the experimental data of (Bochio et al., 2021)
using high viscous oil-water flow through glass pipe indicates high
percentage of error. Here, unlike the experimental data with acrylic
pipes is available in the range 0.0016e0.06 Pa,s, the experimental
data with pipes of other materials (like steel and glass) is very
limited. That is, Angeli and Hewitt (1998), Rodriguez and Oliemans
(2006) and Liu et al. (2008) for steel and Rodriguez and Baldani
(2012) and Bochio et al. (2021) for glass. Therefore, further exper-
imental data of oil-water flow in steel and glass pipe may facilitate
improved comprehension of the characteristics of pressure
gradient employing these dimensionless parameters.
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Of the exclusive stratified flow 15 data sets and 195 data points
considered for evaluation, the average percentage error (AE) is
8.12% and the absolute average percentage error (MAE) is 15.27%
with a standard deviation (SD) of 20.52%. This may be considered to
be satisfactorily when compared with the prediction using the
existing friction factor correlations. Except the data set of Bochio
et al. (2021), wherein the respective values are: AE is 51.62% and
with a SD of 71.65%. From the above Table 3, the prediction
employing the proposed correlation, the error percentages of all
the data sets considered for evaluation are improved, except the
data sets of Nadler andMewes (1997) and Angeli and Hewitt (1998)
(acrylic). The two-fluidmodel using the existing wall and interfacial
correlation indicate high percentage errors in predicting pressure
gradient.

In summary, the critical parameters effecting the pressure
gradient of oil-water stratified flows are therefore incorporated
into the proposed friction factor correlations. That is, i) the wall or
boundary effects and viscosity effects using superficial Reynolds
number, ii) the effect of interfacial curvature (or pipe material)
using contact/wetting angle and iii) the effect of fluid volume
fraction. The analysis employing the proposed friction factor cor-
relations into the two-fluid model indicates satisfactory prediction
of pressure gradient with reduced average error and standard de-
viation than that of conventional/existing correlations in the
literature.

3.2. Dual-continuous to dispersed (D) flow patterns

The pressure gradient measured for dispersed flow pattern is
plotted in Figs. 8 and 9 for superficial fluid velocities and water
mass fractions. The pressure gradient gradually increases with the
increase of oil phase. When the dispersion is non-homogeneous,
interestingly, an oil dominated flow structure is observed slightly
away from the upper wall and this space is occupied with water
dominated flow (Fig. 4(c) and (d)). In other words, water droplets
are found near the upper wall and similar phenomenon was also
indicated by Rodriguez et al. (2012). With further increase of flow
velocity, homogeneous dispersion of oil in water with oil uniformly
dispersed across the pipe cross-section. Such homogeneous
dispersed flow is observed only at low oil volume fractions due to
high viscous oil phase. Further, there is possibility of phase inver-
sion phenomenon occurring while the continuous fluid phase
changes fromwater to oil and vice versa similar to that of observed
by Pal (1993). In the present experiments, however the phase
inversion phenomenon or abrupt pressure gradient may not be
inferred from the experimental data due to the lack of instru-
mentation to verify the homogeneity and continuous fluid phase.
Therefore, exact phase inversion cannot be identified. Here, it may
also be noted that the extent of pressure gradient change observed
by Pal (1993) is rarely observed in the literature of oil-water flow.
For example, Trallero et al. (1997) do not observed the phase
inversion, likely due to high flow rates. Nadler and Mewes (1997)
and Yusuf et al. (2012) indicates phase inversion but the change
in pressure gradient is nominal. The abrupt increase of Pal (1993)
may be due to the flow conditions. That is, Pal and Rhodes (1989)
employed stirring of oil and water prior to the entry into the
pipe, which is not the case with the experiments considered in the
present work. Though pumps are employed to generate required
flow rate, stirring of oil and water prior to entry is not considered.

For dual-continuous to fully dispersed flow patterns, the
existing homogenous model is employed with effective Reynolds
number (Eq. (13a)) and the friction factor correlation of Zigrang
and Sylvester (1985). As discussed in the preceding section 2.1,
the effective Reynolds number is defined as the sum of superficial
Reynolds number of oil and superficial Reynolds number of water.



Fig. 7. Stratified flow: experimental versus predicted pressure gradient. (hollow symbols e proposed friction factor and shear stress correlations, Eq. (11) and Eq. (12); filled symbols
e friction factor correlation existing in literature, Eq. (4a) to Eq. (4c).
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In the friction factor correlation, the pipe roughness for steel,
acrylic and glass of 7 � 10�5, 1 � 10�5 and 1 � 10�6 m respectively
are considered, unless specified for the respective experimental
data like that of Rodriguez and Oliemans (2006) with a pipe
roughness of 4.5 � 10�5 m. The experimental data from the
literature (Table 1) and the data from the present experiments are
analyzed. For the experimental pressure gradient data versus the
predicted pressure gradient data is plotted in Fig. 10.

In general, for dispersed flow, the fluid in contact with thewall is
considered significant for the pressure gradient across the flow.
However, the effect of water phase in the oil-water flow system
depend on the oil phase viscosity. For example, for low viscous oil-
water flow of Angeli and Hewitt (1998), in both steel and acrylic
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pipes, Angeli and Hewitt (1998) found the water continuous
dispersed flow has higher pressure gradient than that of oil
continuous dispersed flow. In contrast, for moderate and high
viscous oils, the pressure gradient is higher in oil dominated flow
than that of water dominated flow which is similar to the obser-
vation by Rodriguez et al. (2012), Dasari et al. (2014) and also the
present experiments. This decrease in pressure gradient with water
phase, researchers (Lovick and Angeli, 2004; Yusuf et al., 2012)
attribute as the drag reduction phenomenon.

While studying the drag reduction phenomenon, Rodriguez
et al. (2012) and Abubakar et al. (2016) indicated that the forma-
tion of water sublayer near the wall is responsible for the reduction
in pressure gradient for low oil phase fractions. Rodriguez et al.



Table 3
Assessment of pressure gradient correlations (stratified and stratified wavy flow).

Author Two-fluid model (Eq. (3)) No of data points

Using proposed friction factor correlations
(Eqs. (3a), (11) and (12))

Existing friction factor correlations (Eqs. (3a), (4a)
to Eq. (4e)

AE, % AE, % SD, % Max, % AE, % AAE, % SD, % Max, %

Trallero et al. (1997) 24.5 26.13 29.38 56.22 12.62 35.19 39.44 �77.83 11
Nadler and Mewes (1997) �1.72 11.07 13.00 29.51 �54.67 90.56 191.00 �534.88 8
Angeli and Hewitt (1998) (steel) 14.68 14.68 18.38 26.89 50.90 50.90 51.68 59.64 3
Angeli and Hewitt (1998) (acrylic) �0.73 4.84 6.37 13.32 6.78 8.86 10.68 20.51 9
Elseth (2001) 7.93 10.00 14.72 36.29 11.81 17.24 19.00 24.80 8
Chakrabarti et al. (2005) �2.88 12.43 17.17 43.73 5.93 14.34 17.40 45.71 45
Al-Wahaibi et al. (2007b) 13.55 14.16 16.63 26.66 0.57 17.61 24.90 �63.71 18
Vielma et al. (2008) 5.53 14.26 19.70 40.33 �11.59 20.34 25.16 �48.82 6
Liu et al. (2008) �2.91 8.46 11.00 �22.58 30.18 30.18 34.00 49.64 11
Al-Yaari et al. (2009) �15.70 16.98 20.29 34.19 �6.72 12.98 17.15 �30.18 5
Rodriguez and Baldani (2012) 9.29 15.41 17.10 24.33 �220.77 220.77 225.97 �296.85 6
Yusuf et al. (2012) 2.43 14.04 15.92 27.13 �19.49 19.49 24.36 �43.98 5
Edomwonyi-Otu and Angeli (2014) 8.64 13.15 15.50 27.35 31.70 41.28 44.57 61.24 38
Dasari et al. (2014) 6.59 18.29 19.95 �30.76 �274.64 274.64 286.83 �515.27 14
Bochio et al. (2021) 51.62 51.62 55.78 71.65 �129.06 132.48 185.59 �417.25 9
Present - R 27.53 28.07 30.21 42.48 �356.1 356.1 429.5 �816.92 12
Present - Y 12.82 23.48 25.84 �49.04 �538.2 538.17 657.07 �1425 13

Fig. 8. Dispersed flow pressure gradient (Pa/m) for various superficial velocity of oil (Uso) and water (Usw), (a) oil-R and (b) oil-Y.

Fig. 9. Pressure gradient (Pa/m) versus input water fraction, (a) oil-R and (b) oil-Y.
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(2012) noted that with increasing the water-film thickness results
in low wall shear stress and hence high drag reduction. However,
rather than simple presence of water phase at the pipe periphery as
the reason for the drag reduction, the state of the boundary layer
3777
(laminar or turbulent) may describe for tangible drag reduction
effect. As mentioned above, for Angeli and Hewitt (1998), for both
water continuous and oil continuous dispersed (homogenous and
non-homogenous), the pressure gradient increases with water



Fig. 10. Dispersed flow: experimental versus predicted pressure gradient for various data sets (hollow symbols e proposed correlation, Eq. (13a) to Eq. (13c); filled symbols e Al-
Wahaibi (2012) correlation, Eq. (6a) and Eq. (6b)).
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volume fraction but with a dip in pressure gradient at phase-
inversion. With the drastic decrease, at phase-inversion from oil-
continuous to water continuous, at water volume fraction of
30%e40%, the pressure gradient tend to remain same or increase
slightly with water volume fraction (Angeli and Hewitt, 1998). That
is, no drag reduction is observed with higher water phase at the
periphery of the wall after phase-inversion. Further, for moderate
and high viscous oils (Dasari et al., 2014; Rodriguez et al., 2012), due
to oil phase viscosity, it is likely that the wall originated turbulence
inwater continuous flow is establishedmuch ahead comparedwith
the oil continuous flow. Consequently, for low viscous oil-water
flows, the boundary layer transition from laminar to turbulent oc-
curs at almost similar time scale irrespective of the flow is oil
3778
continuous or water continuous. However, for moderate and high
viscous oil-water continuous flows, the boundary layer transition of
water phase at the periphery always precedes the boundary layer
transition of oil phase at the periphery. Accordingly, for high
viscous oil-water flow with water phase at the periphery, the
pressure gradient is lower than that of high viscous oil-water flow
with oil phase at the periphery. When the boundary layer of water
phase in contact with the pipe wall becomes turbulent, it is irrel-
evant whether the flow is either homogenous or non-homogenous.
Hence, it may be inferred that the characteristics of the boundary
layer is significant for the pressure gradient reduction, rather than
the particular fluid phase presence at the wall. Significantly, it
should be noted that the water phase at the wall may either be due
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to the hydrophilic nature of pipe or high mass flow rates of water
phase (continuous phase). That is, when the pipe is of steel and
glass (both are hydrophilic), the water phase likely to wet and
occupy the pipe wall.

There are 527 data points from 16 literature experimental data
sets that are investigated for dispersed flow. From Table 4, it is
observed that the average percentage error (AE) is 0.31% and the
absolute average percentage error (MAE) is 15.45% with a standard
deviation (SD) of 18.79%. When compared with Al-Wahaibi (2012)
correlation: the average error, mean absolute error and standard
deviation percentages are �3.28%, 20.55% and 26.33% respectively.
The maximum error percentage for each data set is also indicated.
Therefore, it may be inferred that the prediction employing the
proposed correlation, the error percentages of the data sets (Elseth,
2001, Lovick and Angeli, 2004, Chakrabarti et al., 2005, Al-Wahaibi
et al., 2007b, Vielma et al., 2008, Rodriguez et al., 2012).

Yusuf et al. (2012) and Dasari et al. (2014) are found to be
improved. However, the data sets of Valle and Kvandal (1995),
Trallero et al. (1997), Angeli and Hewitt (1998), Rodriguez and
Oliemans (2006) and Al-Yaari et al. (2009) have indicated higher
errors with the proposed correlation than that of Al-Wahaibi (2012)
correlation.
3.3. Von-K�arm�an constant and effective viscosity

In the preceding sections, it is satisfactorily demonstrated that
the existing friction factor correlations incorporated with effective
Reynolds number (Reeff) predict the pressure gradient of oil-water
dispersed flow. Accordingly, it may be inferred that the effective
Reynolds number designate the flow system, may it be considered
that the effective viscosity (meff) of the oil-water flow from the

effective Reynolds number (Reeff ¼ Reso þ Resw ¼ rmUm D
meff

�
: Never-

theless, the verification of the proposed definition of the effective
viscosity (meff) requires wall characteristics data. In the present
work, no such wall characteristics are measured. Therefore, the
von-K�arm�an factor (k) is determined using the (Richardson, 1989)
equation for turbulent flow (Eq. (15)). Angeli and Hewitt (1998)
noted that the von K�arm�an factor given in Eq. (15) is appropriate
for both smooth and rough pipes.
Table 4
Assessment of pressure gradient correlations (dual-continuous and dispersed flow).

Author(s) Proposed methodology (Eqs. (13a), (13b) and
(13c))

AE, % AAE, % SD, % Max

Valle and Kvandal (1995) 3.51 6.61 7.58 13.32
Nadler and Mewes (1997) �16.31 21.41 24.23 �39.
Trallero et al. (1997) �14.52 16.50 20.27 �44.
Angeli and Hewitt (1998) (steel) �3.32 18.07 22.59 �46.
Angeli and Hewitt (1998) (acrylic) 8.20 12.86 16.72 45.42
Elseth (2001) 3.45 6.21 7.39 18.06
Lovick and Angeli (2004) 23.87 24.23 25.25 37.33
Chakrabarti et al. (2005) 9.23 7.08 8.60 �18.
Rodriguez and Oliemans (2006) 22.39 24.77 27.56 44.54
Al-Wahaibi et al. (2007b) �3.16 4.13 5.64 �11.
Vielma et al. (2008) �11.30 17.59 19.79 �39.
Liu et al. (2008) �15.72 16.40 17.90 �31.
Al-Yaari et al. (2009) 10.98 11.17 16.73 35.20
Rodriguez et al. (2012) 13.07 13.41 14.50 20.79
Yusuf et al. (2012) �5.97 18.39 20.94 �36.
Dasari et al. (2014) �12.05 14.13 17.77 �44.
Present - R 13.04 14.95 17.12 27.95
Present - Y 20.17 20.17 21.54 32.95
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where feff, k, Reeff, k and D are the effective friction factor, the Von
K�arm�an factor, the effective Reynolds number, wall roughness and
the pipe diameter. Accordingly, in Eq. (15), the oil-water flow pa-
rameters are considered and the Von-K�arm�an factor (k) is calcu-
lated for all data sets considered in the present work and the results
are shown in Fig. 11. Interestingly, employing the proposed meth-
odology of using effective Reynolds number in the existing friction
factor correlations results in Von-K�arm�an factor of almost z0.4 for
all data sets and data points. Except that the Dasari et al. (2014)
indicates deviation up to 0.8. With the correlation of Al-Wahaibi
(2012), the Von-K�arm�an factor vary significantly, particularly
indicate much higher values than 0.4. Here, in the literature of
turbulence, for the flow to be considered to have attained turbu-
lence, the experimental values of the Von K�arm�an constant are in
the range of 0.36e0.37 (Telford and Businger, 1986), 0.40e0.41
(Hinze, 1975) and the large eddy simulation result of 0.35e0.36 (Cai
and Steyn, 1996). Therefore, it may be inferred that the effective
friction factor determined using the effective Reynolds number
describe the turbulence characteristics of dispersed oil-water flow
system.

3.4. Fluid hold-up analysis

The in-situ fluid volume fractions of stratified flow (stratified
and stratified wavy) measured by the quick-closing-valve tech-
nique are analyzed and compared with the prediction using the
two-fluid model (Eq. (3b)) and proposed interfacial closure re-
lations (Eq. (12c)). In the literature, it is established fact that, for
moderate and high viscous oil-water flows, the acceleration of
water phase with respect to that of oil phase affects the hold-up
fraction (Trallero et al., 1997; Rodriguez and Baldani, 2012;
Edomwonyi-Otu and Angeli, 2014). Therefore, in the prediction of
hold-up, the effect of viscosity of oil phase, the interfacial curvature
(contact/wetting angle) and the fluid phase fraction are included.
Al-Wahaibi (2012) correlation (Eqs. (6a) and
(6b))

No of data points

, % AE, % AAE, % SD, % Max, %

2.49 3.03 4.09 10.19 10
95 2.15 9.89 11.09 23.61 16
04 �8.55 11.76 13.29 �37.07 20
81 7.31 16.57 19.38 44.37 62

�14.33 14.44 17.87 �37.07 43
19.23 19.23 19.64 29.16 43
41.23 41.26 47.39 77.61 45

67 �14.89 14.89 15.87 �26.79 19
�11.26 13.22 17.38 �26.45 20

46 19.08 19.08 19.39 �24.69 18
22 �13.14 17.92 23.23 62.63 46
82 11.51 12.09 15.00 35.84 25

0.45 6.25 7.25 14.32 17
21.34 24.13 30.02 29.66 33

78 �26.41 26.92 30.33 �56.70 49
86 21.31 29.54 35.03 73.98 61

26.47 26.47 27.45 35.41 15
12.48 13.88 15.64 27.06 14



Fig. 11. Von-K�arm�an factor (filled symbols - proposed correlation, Eq. (13); hollow symbols e Al-Wahaibi (2012) correlation, Eq. (6a) and Eq. (6b).
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The representation of fluid velocities using superficial velocities
and fluid phase Reynolds number, specifically at low volume fluid
fraction, into the two-fluid model equations improved the predic-
tion of hold-up fraction substantially. Further, since the closure
equation of the interface should describe the mutual interaction of
both fluid phases at the interface (Liu et al., 2008; Clausse and de
Bertodano, 2021), the proposed interfacial relation (Eq. (12c))
designates the interaction of the momentum of the two fluid
phases at the interface. Hence, replacement of the fluid velocities in
the interfacial relation with superficial fluid velocities, substantial
reduction in the hold-up error is observed (Table 5). For the data of
Trallero et al. (1997), the hold-up volume fraction prediction error
observed using conventional closure relations is in the range of 50%
which substantially reduced to approximately 20% using the
Table 5
Assessment of hold-up fraction (stratified and stratified wavy flow - S).

Author(s) Two-fluid model, Eq. (3)

Using proposed friction factor
correlation, Eq. (12)

AE, % SD, % Max., %

Trallero et al. (1997) 9.00 10.00 25.00
Elseth (2001) 1.02 15.05 16.40
Vielma et al. (2008) 6.80 9.40 23.70
Liu et al. (2008) 9.80 10.20 13.60
Rodriguez and Baldani (2012) �0.19 12.39 15.83
Edomwonyi-Otu and Angeli (2014) 9.00 8.00 25.00
Present - R 6.68 24.07 75.36
Present - Y �4.26 27.07 �71.96
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proposed closure correlations. Similarly, the data of Rodriguez and
Baldani (2012) indicates an error exceeding 200% using conven-
tional correlations compared to 10% with that of proposed corre-
lations. There is substantial improvement in the prediction of in-
situ hold-up volume fraction using Eq. (11a) to Eq. (11b) and Eq.
(12a) to Eq. (12c) compared to that of conventional closure re-
lations, Eq. (4a) to Eq. (4e).
4. Conclusions

From the investigation of pressure gradient and hold up
experimental data, the important inferences are as follows. The 19
experimental data sets from the literature and the present exper-
iments consisting of wide range of fluid properties
No of data points

Existing oil-water flow friction factor
correlations, Eq. (4a) to Eq. (4d)

AE, % SD, % Max., %

4.00 20.00 44.00 9
�9.46 15.05 �36.37 3
9.40 29.40 67.50 19
15.80 39.08 52.10 5
90.69 3.14 94.71 6
4.00 29.00 �81.00 29
91.44 7.53 98.45 12
96.75 2.32 99.17 13
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(0.00164e0.630 Pa,s) are classified into: i) low viscous oil-water
flow (z2 mPa,s), ii) moderate viscous oil-water flow
(2e100 mPa,s) and iii) high viscous oil-water flow (>100 mPa,s).
For the analysis, the oil-water pipe flow is evaluated segregating
into two categories of flow patterns as i) stratified - consisting of
stratified and stratified wavy flow patterns and ii) remaining flow
patterns with interfacial droplets, dual-continuous and fully
dispersed as dispersed. The stratified flow is analyzed using two-
fluid model and dispersed flow using the homogenous model.

The effects of viscosity, the interfacial curvature (using contact/
wetting angle) and the fluid volume fraction are incorporated into
the friction factor correlation through dimensional analysis. The
primary cause of high percentages of errors in stratified flow is the
misrepresentation of fluid phase velocities using calculated fluid
phase velocities (Uo and Uw). The wall (tw and to) and interfacial
stress (ti) equations are modified employing the superficial fluid
velocities and the proposed friction factor correlations. The super-
ficial Reynolds numbers (Resw and Reso) and not the fluid phase
Reynolds numbers (Rew and Reo) are employed in the analysis.
Employing the proposed friction factor and wall and interfacial
stress correlations, the prediction of pressure gradient of oil-water
flow and the fluid hold-up fraction is found to be enhanced. For
dispersed flow, an effective Reynolds number (Reeff) is defined as
summation of superficial Reynolds number of oil and water phase.
Employing the effective Reynolds number, the existing single phase
turbulent friction factor correlation predicts the pressure gradient
of oil-water dispersed flow satisfactorily. The percentage error and
standard deviation in the prediction, for both stratified and
dispersed flow, are substantially reduced. The proposed correla-
tions may further be improved with more experimental data with
high viscous oils and different pipe materials. Since, the data
available in the literature for high viscous stratified oil-water flow is
meagre.
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