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a  b  s  t  r  a  c  t

In this work a modified two-fluid model was developed based on experimental observations of the interface configu-

ration in stratified liquid–liquid flows. The experimental data were obtained in a horizontal 14 mmID acrylic pipe, for

test  oil and water superficial velocities ranging from 0.02 m/s to 0.51 m/s and from 0.05 m/s to 0.62 m/s, respectively.

Using  conductance probes, average interface heights were obtained at the pipe centre and close to the pipe wall,

which revealed a concave interface shape in all cases studied. A correlation between the two heights was developed

that  was used in the two-fluid model. In addition, from the time series of the probe signal at the pipe centre, the

average wave amplitude was calculated to be 0.0005 m and was used as an equivalent roughness in the interfacial

shear  stress model. Both the interface shape and roughness were considered in the two-fluid model together with

literature interfacial shear stress correlations. Results showed that the inclusion of both the interface curvature and

the  equivalent roughness in the two-fluid model improved its predictions of pressure drop and interface height over

the  range of studied superficial oil and water velocities. Compared to the two-fluid model with other interfacial shear

stress correlations, the modified model performed better particularly for predicting pressure drop.

©  2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1.  Introduction

The maturing nature of oil wells increases the amount of water

extracted, with water often added in the down-hole to enhance pro-

duction. Oil–water mixtures need, therefore, to be transported over

long distances. The prediction of the two-phase mixture flow properties

poses a challenging task because of their dependence on several inter-

related factors such as Reynolds number, pipe diameter and inclination

among others. An accurate prediction of the pressure drop and holdup

is needed for an effective design and maintenance of the fluid trans-

port systems (Hadžiabdić  and Oliemans, 2007; Rodriguez and Baldani,

2012). For separated flows the one-dimensional two-fluid model (Taitel

and Dukler, 1976; Brauner and Moalem, 1992a) has been used to pre-

dict the pressure drop and liquid holdup. Its effectiveness has been

found to depend on the closure relations for the wall (oil and water)

and interfacial shear stresses as well as the nature of the interface

geometry.

In particular, interfacial waves in multiphase flows, which are

known to contribute to the observed frictional drag, have not been fully
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accounted for in the two-fluid model (Andritsos and Hanratty, 1987;

Andritsos et al., 2008; Brauner and Moalem, 1993; Brauner et al., 1998;

Brauner, 2002; Hadžiabdić  and Oliemans, 2007). Although the use of

the one-dimensional two-fluid model has yielded some success even

in commercial simulators, its ineffectiveness has also been well docu-

mented. Rodriguez and Baldani (2012) gave a detailed compendium of

the works done so far. Their two-fluid model which included a correla-

tion for the interface curvature and a modified interfacial friction factor

based on experimental liquid–liquid flow data and computational fluid

dynamic simulations, was able to predict well their experimental

results with heavy oil (viscosity of 280 mPas) and water as well as data

from other works.

In most of the cited literature, the focus has been on large pipes with

internal diameter greater than 20 mm while in recent years there is a

growing number of papers on liquid–liquid flows in very small pipes

driven by process intensification requirements (Kim and Mudawar,

2012; Tsaoulidis et al., 2012). However, reported data on intermedi-

ate pipe sizes (10–20 mmID) are very few in the open literature (Jin

et al., 2013; Xu et al., 2010). The flow properties and geometry at
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Nomenclature

Roman symbols
Ao and Aw area occupied by oil and water

phases
dp/dz pressure gradient (Pa/m)
Do and Dw hydraulic diameter of oil and water

phases
Ho and Hw holdup of oil and water phases
hw interface height
m flow regime constant
n flow regime constant
Re Reynolds number
Uso and Usw superficial oil velocity and water

velocity

Greek symbols
ˇ  angle in Fig. 7
� delta
� proportionality constant in Eq. (16)

 ̨ pipe inclination angle
� Shear stress

Subscripts
c, i, o, w annular core phase, interfacial, oil

and water, respectively

these intermediate sizes are known to be greatly influenced by surface

and interfacial forces, which become more significant as the diameter

reduces, particularly for Eötvös number (Eo, ratio of buoyancy to sur-

face tension forces) greater than 1.0 (Brauner and Moalem, 1992b; Das

et al., 2010).

In the present work new experimental data of interface curva-

ture and waviness are presented for separated oil–water flows in a

14 mmID horizontal acrylic pipe. Modifications are suggested to the

one-dimensional two-fluid model based on these experimental data.

The results of the modifications, particularly to the interface curvature

and interfacial shear stress, are compared against predictions obtained

when using other interfacial shear stress models available in literature.

2.  The  one-dimensional  two-fluid  model
for  liquid–liquid  flows

The one-dimensional two-fluid model (2FM) (Al-Wahaibi and
Angeli, 2007; Al-Wahaibi et al., 2007; Brauner and Moalem,
1992a; Taitel and Dukler, 1976) is based on momentum balance
equations. Two continuous fluids are considered to flow in lay-
ers in a circular pipe according to their density and assumed
to be separated by a smooth and flat interface. For a fully
developed steady state flow, the integral forms of the one-
dimensional momentum equations for the two phases are
given by:

−Ao

(
dp

dz

)
− �oSo ∓ �iSi + �oAo sin  ̨ = 0 (1)

−Aw

(
dp

dz

)
− �wSw ± �iSi + �wAw sin  ̨ = 0 (2)

The subscripts i, o and w stand for interfacial, oil and water,
respectively. Si, So, Sw, Ao and Aw are respectively the perime-
ters and areas of the phases. By equating the pressure drop in

Table 1 – Geometric parameters used in the two-fluid
model.

the two phases, the following equation is derived where  ̨ (the
pipe inclination) is zero for horizontal flow:

− �wSw

Aw
+ �oSo

Ao
+ �iSi

(
1

Aw
+ 1

Ao

)
= 0 (3)

�w, �o, �i are the water wall, oil wall and interfacial shear
stresses, respectively. Table 1 shows the geometric parameters
used in the two-fluid model.

The wall shear stresses, �w and �o are expressed in terms
of the corresponding fluid friction factors, fw and fo:

�w = fw�wU2
w

2
; fw = mRe−n

w = m

(
DwUw�w

�w

)−n

(4)

�o = fo�oU2
o

2
; fo = mRe−n

o = m

(
DoUo�o

�o

)−n

(5)

The friction factors are Fanning type and the pipes are con-
sidered smooth. The coefficient m and the exponent n are
equal to 0.046 and 0.2 respectively for turbulent flow, while 16
and 1.0 are used for laminar flow. Dw and Do are the hydraulic
diameters. Their values are based on the relative velocities of
the two phases, which unlike gas–liquid flows  are not neces-
sarily different.

Dw = 4Aw

Sw + Si
; Do = 4Ao

So
for Uw > Uo (6)

Do = 4Ao

So + Si
; Dw = 4Aw

Sw
for Uw < Uo (7)

Do = 4Ao

So
; Dw = 4Aw

Sw
for Uw ≈ Uo

(
0.98 ≤ Uo

Uw
≤ 1.05

)
(8)

The parameters Si, So, Sw, Ao and Aw are defined in Table 1.
The interfacial shear stress is given by:

�i = fi�i(Uo − Uw) |Uo − Uw|
2

;  fi = mRe−n
i

= m

((
Si

�

)  (
Ui�i

�i

))−n

(9)

where

�i, Ui, �i =
{

�w, Uw, �w if Uw > Uo

�o, Uo, �o if Uw < Uo

}
(10)
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