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A two-fluid model for transient flow of two immiscible liquids in a pipeline was
formulated based on two transient continuity equations and a combined momentum
equation in a quasi-steady form. It can be used for simulating both stratified and dis-
persed flow. Numerical simulations were performed to in®estigate the beha®ior of
oil ] water flow during transients caused by an increase or decrease in the water ®olume
fraction at the entrance to the pipeline. An increase in the water flow rate within the

(stratified flow regime may result in the formation of a shock an abrupt change in the
)water holdup . In transients produced by a decrease in the input water ®olume fraction,

the smoothening of the water holdup wa®efront occurs. This beha®ior is explained by a
strong dependence of the speed of the holdup wa®e propagation in stratified flow on the
water holdup. The results obtained for inclined pipelines show that the slope of the pipe
affects the flow beha®ior significantly. The liquid] liquid flow model was used to simu-
late the transport of corrosion inhibitor in a pipeline con®eying an oil ] water mixture.

Introduction

The simulation of transient flow of two immiscible liquids
in pipelines is of interest in many engineering applications.
Liquid hydrocarbons transported in pipelines over long dis-

Ž .tances for example, crude oil, gasoline, diesel often contain
free water. The presence of water in the pipeline may cause
severe corrosion of the pipe walls. The internal corrosion
rate depends strongly on the flow configuration of the liq-

Ž .uid]liquid mixture flow pattern . The most severe internal
corrosion has been found to occur in pipelines in which the

Žflow velocity is low and the phases are segregated Ricca,
.1991 . Operating conditions of pipelines may vary in the time,

for example, due to changes in the total flow rate or the wa-
Ž .ter volume fraction the water holdup at the pipeline inlet.

Therefore, the understanding of transient liquid]liquid two-
phase flow behavior is crucial in determining the contact area
of free water with the pipe walls and the time period over
which this contact occurs. The water accumulation in the
lower portions of pipelines, after performing ‘‘pigging’’ or
‘‘sphering’’ of the lines is another example of a transient pro-
cess that should be taken into consideration in the design of
oil transportation systems and their maintenance.

Continuous injection of corrosion inhibitors into pipelines
is often the most economical and effective method of corro-

Ž .sion control Ricca, 1991; Erickson et al., 1993 . The trans-
port and distribution of the inhibitor along the pipeline un-
der varying operating conditions are governed by the dynam-
ics of transient liquid]liquid flow. In order to provide the
required concentration of the inhibitor at the critical loca-
tions in the line for the proper period of time, one needs to
predict correctly the flow pattern and transient distributions

Žof basic flow parameters velocities of phases, volume frac-
.tions of phases, inhibitor concentration . The transport of

corrosion inhibitor in a wet-gas pipeline has been modeled by
Ž .Erickson et al. 1993 . However, they do not show what gov-

erning equations have been used in their study. The inhibitor
transport in unsteady liquid]liquid flow has not been investi-
gated in the literature.

Transient gas]liquid two-phase flow has been extensively
studied in the past. Comprehensive overviews of the litera-
ture in this area can be found in the works presented by

Ž . Ž . Ž .Riebold et al. 1981 , Wallis 1982 , and Masella et al. 1998 .
Ž .Several computer codes, such as TRAC Jackson, 1981 ,

Ž . Ž .PLAC Black et al., 1990 , OLGA Bendiksen et al., 1991 ,
have been developed for simulating gas]liquid flows in
pipelines. However, in many cases the models and methods
for gas] liquid flow cannot readily be extended to
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liquid]liquid flow. The flow of two immiscible liquids has re-
ceived little attention in the literature despite the signifi-
cance of this problem. Most of the works in this area have
concentrated on the analysis of the holdup, pressure drop in

Žoil]water mixtures Angeli and Hewitt, 1998; Trallero et al.,
.1995; Flores et al., 1998 , and on the development of models

Žfor predicting flow regime transitions Brauner and Maron,
.1992a, b, c; Trallero, 1995 .

Ž .Recently, Asheim and Grodal 1998 investigated the
holdup wave propagation in vertical oil]water flow. They for-
mulated a drift-flux model that is based on two continuity
equations. The slip between phases in their mathematical
formulation is predicted by a modified model of Zuber and

Ž . Ž .Findlay 1965 . Asheim and Grodal 1998 considered only
one flow pattern, namely, the dispersion of oil in water. How-

Ž .ever, in a recently published article, Flores et al. 1998 iden-
tified six flow patterns in vertical flow. They found that the
water holdup is strongly affected by the flow pattern. Tran-
sient flow of two immiscible liquids in horizontal or slightly
inclined pipelines, in which the phase segregation can occur,
has not been studied.

In this article, a two-fluid model for transient liquid]liquid
flow in a pipeline is formulated. The model consists of two
transient continuity equations and a combined momentum
equation in a quasi-steady form. Wall and interfacial shear
stresses are incorporated into the model in an explicit form.
The model is capable of predicting the transition from segre-
gated flow to dispersed flow. A study of transient liquid]liquid
flow in a horizontal pipe is carried out. In particular, tran-
sients caused by an increase or decrease in the input volume
fraction of one of the phases are analyzed. A numerical simu-
lation of the transport of corrosion inhibitor injected into a
pipeline conveying an oil]water mixture is performed.

Model Formulation
The governing equations for transient isothermal flow of

two immiscible liquids in a pipe are formulated employing
the two-fluid modeling approach. The two-fluid model for
isothermal liquid]liquid two-phase flow incorporates two
mass conservation equations and two momentum equations.
The governing equations for stratified and dispersed flow are
given below.

Stratified flow
Ž .For stratified flow Figure 1 , the governing equations can

Ž .be written in the following form Brauner and Maron, 1992a :
Mass conservation equation for phase a

­ ­
r a q r a U s0. 1Ž . Ž .Ž .a a a a a­ t ­ x

Mass conservation equation for phase b

­ ­
r a q r a U s0, 2Ž . Ž .Ž .b b b b b­ t ­ x

where

a q a s1. 3Ž .a b

Momentum equation for phase a

­ ­ t S t Sa a i i2r a U q r a U sy yŽ . Ž .a a a a a a­ t ­ x A A

­ ­aa
q r a g sin b y a P q P , 4Ž .Ž .a a a a ia­ x ­ x

and for phase b

­ ­ t S t Sb b i i2r a U q r a U sy qŽ . Ž .b b b b b b­ t ­ x A A

­ ­ab
q r a g sin b y a P q P . 5Ž .Ž .b b b b ib­ x ­ x

Assuming incompressible liquids, the continuity equations,
Eqs. 1 and 2, can be rewritten as follows

­a ­a
q a U s0 6Ž .Ž .a a­ t ­ x

­a ­b
q a U s0. 7Ž .Ž .b b­ t ­ x

Figure 1. Flow of two immiscible liquids in pipeline.
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Adding Eq. 6 with Eq. 7 results in

­ ­
a U q a U s0. 8Ž .Ž . Ž .a a b b­ x ­ x

Examination of Eq. 8 reveals that in the flow of two incom-
pressible immiscible liquids the sum of superficial velocities
is constant along the pipeline. It is more convenient to have
Eq. 8 in an integral form

U a qU a sU , 9Ž .a a b b m

Žwhere U is the mixture velocity the total flow rate dividedm
.by the cross-section area .

The momentum equations, Eqs. 4 and 5, can be combined
Ž .into a single equation as follows Trallero, 1995 :

­U ­U ­U ­Ub a b a
r y r q r U y r Ub a b b a a­ t ­ t ­ x ­ x

­ h ­ P y PŽ .b ib ia
q r y r g cos b q s F , 10Ž . Ž .b a ­ x ­ x

where

S 1 1 Sb a
F syt "t S q qtb i i až /a A a A a A a Ab a b a

q r y r g sin b . 11Ž . Ž .b a

In slow transients, the prevailing terms in Eq. 10 are the
source terms. Neglecting all remaining terms, the combined
momentum equation, Eq. 10, takes the following form:

S 1 1 Sb a
yt "t S q qt q r y r Ag sin b s0.Ž .b i i a b až /a a a ab a b a

12Ž .

Equation 12 represents a quasi-steady formulation of the
combined momentum equation. Quasi-equilibrium momen-
tum balances for both phases have been successfully used in

Žmodeling of slow transients in gas]liquid flows Taitel and
.Barnea, 1997 .

The model requires closure relationships for shear stresses.
The wall shear stress acting on each phase is expressed in
terms of the local velocity of the phase and corresponding
friction factor:

r U NU N r U NU Na a a b b b
t s f , t s f . 13Ž .a a b b2 2

The friction factors f and f in Eq. 13 are evaluated us-a b
ing the adjustable definitions of the equivalent hydraulic di-

Ž .ameters Brauner and Maron, 1992a .
The interfacial stress is expressed as

r U yU NU yU NŽ .a b a b
t s f , 14Ž .i i 2

where the interfacial friction factor is calculated using the
Ž .correlation of Brauner and Maron 1992a .

Dispersed flow
The liquid]liquid two-phase flow is characterized by a large

Ž .momentum transfer rate. Trallero 1995 studied experimen-
tally oil]water flow patterns in horizontal pipes. He found
that the slip between phases is important only in stratified
flow. In the region of dispersed flow pattern, the slip effect is
negligible. Thus, in this study the dispersed liquid]liquid flow
is assumed to be homogeneous

U sU sU . 15Ž .a b m

In highly inclined or vertical pipes, the slip can be ac-
counted for using a drift-flux model, such as the one pro-

Ž .posed by Flores et al. 1998 .
Thus, dispersed flow is described by the continuity equa-

tion for phase b, Eq. 7, in which the velocity of phase b is
determined using Eq. 15.

Equations 7, 9, 12, or 15 form a system of equations that
describe the transient flow of two immiscible liquids in a
pipeline.

Initial and boundary conditions
In order to complete the model formulation, one must

specify initial and boundary conditions. The initial distribu-
tion of the volume fraction of phase b is assumed to be known
Ž .for example, from a steady-state model

a s a x . 16Ž . Ž .b bo

The mathematical formulation developed in this article re-
quires specifying only one boundary condition at the en-
trance to the pipeline. The superficial velocities of phase b
and the mixture velocity at the entrance are assumed to be
known:

U s t ; U sU t 17Ž . Ž . Ž .m bs bs, e

Determination of Flow Pattern
A central problem in the analysis of two-phase flow is the

determination of the flow pattern. Much of the past work has
concentrated on the analysis of flow-regime transitions in
gas]liquid two-phase flow. However, the flow-pattern predic-
tion methods developed for gas]liquid flow cannot be readily
extended to liquid]liquid systems. Some flow configurations
of liquid]liquid two-phase mixtures in pipes are different
from those of gas]liquid mixtures. Moreover, there is no
agreement in the published literature on the classification of

Ž .flow patterns in liquid]liquid flow. Trallero 1995 gives a
comprehensive overview of the work done in this area.

Based on published data and his own experiments with
Ž .oil]water mixtures, Trallero 1995 proposed six flow pat-

Ž .terns Figure 2 and classified them into two major cate-
gories:

1. Segregated flow
v Stratified flow
v Stratified flow with mixing at the interface

2. Dispersed flow
v Water dominated: dispersion of oil in water and

water; oil in water emulsion.
v Oil dominated: dispersion of water in oil and oil in

water; water in oil emulsion.
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Figure 2. Oil–water flow patterns in horizontal pipes
( )Trallero, 1995 .

This flow-regime classification was adopted in the present
study. Here, oil is the lighter fluid.

The range of stable stratified flow is determined based on
Žan analysis of the condition for real characteristics well-

. Ž .posedness of the hyperbolic governing equations, Eqs. 1]4.
Relying on the well-posedness analysis carried out by Brauner

Ž .and Maron 1992a , the transition from the segregated flow
to dispersed flow is assumed to occur when

D2 2U yU ) r y r g cos b qs k , 18wŽ . Ž .Ž .b a b a rcrab

where

X̃ ˜r A r Aa b a b
r s ; r s1q ;˜ab a˜ ˜r A r Aã a b a

a A a A Sa b iX˜ ˜ ˜A s ; A s ; and A s . 19Ž .a b b2 2 DD D

ŽThe ‘‘zero real characteristics’’ boundary k s0, Braunerrc
.and Maron, 1992b is employed here to define the stratified

flow region. The transition criterion given by Eq. 18 is sup-
Žported by limited experimental data Brauner and Maron,

.1992b . It can also be obtained in the invisible Kelvin-Helm-
Ž .holtz analysis Trallero, 1995 . It should be noted that this

criterion is not a final recommendation for predicting flow-
regime transition. It is used here only as a reasonable as-
sumption to demonstrate the ability of the proposed model
to simulate the flow-regime transitions in unsteady
liquid]liquid flow. Any other criteria for transition can be
incorporated into the model, depending on a specific prob-
lem to be solved.

Inhibitor Transport Model
The transport of an inhibitor in the pipeline is governed by

the inhibitor mass conservation equation

­ ­
r a y q r a y U sG , ks a, b. 20Ž . Ž .Ž .k k k k k k k k­ t ­ x

If the inhibitor injected into the pipeline does not affect
the viscosity of liquids, the inhibitor concentration and veloc-
ity of phases are uncoupled. Thus, Eq. 20 can be solved sepa-
rately from the two-phase flow equations.

A conservative formulation of the inhibitor mass conserva-
tion equation can be obtained in the following form:

­ y 1 ­ y ­a Gk k k k
q a y U q s , ks a, b. 21Ž .Ž .k k k­ t a ­ x a ­ t a rk k k k

The source term G describes the transfer of the inhibitork
from one phase to the other. This term can be used to model
the transient partitioning of the inhibitor between the two
phases. Source term G can also be used to account for thek
effect of inhibitor degradation if the inhibitor is not a stable
substance. In this case, corresponding constitutive relation-
ships need to be specified to complete the formulation of the
problem.

Numerical Method
The system of governing equations, Eqs. 7, 9, and 12, was

Žreduced to a single partial differential equation the continu-
.ity equation for the water phase, Eq. 7 in the conservation

form. This equation is a wave equation in which the water
velocity is a highly nonlinear function of water holdup. The
holdup wave equation, Eq. 7, can be solved numerically using
either the method of characteristics or a finite difference
method. As the velocity of water phase depends strongly on
water holdup, a fixed grid cannot be used in the method of
characteristics. The fixed grid requires interpolations at each
time step, which can smooth out the sharp peaks. To avoid
interpolations, a flexible grid can be used. However, if a shock
is formed, the characteristic curves intersect and the method

Ž .of characteristics fails Chaudhry, 1979 . This difficulty can
be overcome by isolating the shock; however, the use of this
procedure is not a simple task in the analysis of complex sys-
tems. Moreover, the application of the method of character-
istics to the analysis of liquid]liquid flows, in which the tran-
sition from stratified to nonstratified flow pattern occurs, re-
quires the solution of stiff equations, since the water holdup
propagation speed strongly depends on the flow regime.
Therefore, Eq. 7, along with boundary conditions Eqs. 16 and
17, is solved here using an explicit finite difference scheme.
The pipeline is divided into a number of control volumes
Ž .mesh cells . All the flow parameters, including the velocity
of phases, are defined at the cell centers. The finite differ-
ence form of Eq. 7 using forward-time and backward-space
differences is

n nnq1 na y a a U y a UŽ . Ž .b , i b , i b b b bi iy1
sy . 22Ž .

D t D x

The algebraic equations, Eqs. 9 and 12, have been brought
Ž .into a single nonlinear equation of type f x s0, which cal-

culates U for a given value of a . This equation is solvedb b
Ž .using a standard numerical procedure the bisection method .

The time step was limited by the Courant-Friedrichs-Lewy
stability condition

V D tw
cs F1. 23Ž .

D x

The one-sided or upwind differencing scheme used in the
present study introduces an additional diffusion term, which
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is not present in the original differential equation. To mini-
mize the effect of the artificial viscosity on the solution in the
examples presented below, the time step and the mesh spac-
ing were chosen so that the Courant number was maintained
close to unity. An attempt has been made to use the Lax-
Wendroff two-step scheme, which is of second-order accu-
racy. The solutions obtained by using the Lax-Wendroff
scheme show some nonphysical oscillations, in particular, in
flow-rate transients in which flow-pattern transitions occur.
The use of second-order methods for solving the problem of
transient liquid]liquid flow in pipes requires further study.

The finite difference equation of inhibitor transport is for-
mulated as follows:

n nnq1 ny y y 1 a y U y a y UŽ . Ž .k , i k , i k k k k k ki iy1
sy nD t a D xk , i

y n a nq1 y a n G n
k , i k , i k , i k , i

y q . 24Ž .n na D t a rk , i k , i k

The only unknown variable in Eq. 24 is y nq1, as the fluidk, i
flow model calculates separately the remaining variables.

Simulation Results and Discussion
The major objective of the present work is to present a

mathematical formulation for modeling the transient flow of
two immiscible liquids in horizontal or slightly inclined pipes.
The application of the proposed formulation to the analysis
of specific situations will require closure relationships, which
are determined by the conditions of the problem to be solved.
In this section, the mathematical model developed is used in
order to study transient oil]water flow in a long pipeline. An
example of the model application to the analysis of the in-
hibitor transport is given.

Flow simulation
ŽA horizontal pipeline carrying an oil]water mixture r sa

854 kgrm3, r s1,000 kgrm3, m s8=10y3 Pa ? s, and m s1b a b
y3 .=10 Pa ? s has been used for numerical simulations. The

length of the pipeline is 20 km, and its internal diameter is
Ž .0.3653 m a 16-in. schedule 80 pipe . It is assumed that oil

and water do not form stable water-in-oil emulsion, for exam-
ple, due to the injection of a demulsifier into the line. The
pipeline numerical model uses 200 mesh cells of equal length.
A further increase in the number of cells did not have any
significant effect on the results of calculations. Typical flow-

Žrate transients increasing water flow rate, decreasing water
.flow rate in the pipeline have been analyzed.

Figure 3 shows the predicted water holdup for a transient
in which the water superficial velocity at the entrance to the
pipeline increases linearly with time from 0.1 to 0.3 mrs dur-
ing 1 h. The mixture velocity is maintained constant at 2.6
mrs. The time step used in this calculation is 30 s. The flow is
dispersed throughout the whole transient. As can be ob-
served, the increase in the water flow rate at the entrance

Ž .produces a water holdup wave a density wave , which propa-
gates through the pipeline. Distortion of the wavefront does
not occur. This can be explained by examining Eq. 7. In the
present study the homogeneous model is employed to de-

(Figure 3. Water holdup wave propagation dispersed
)flow .

scribe dispersed oil]water flow. In the homogeneous flow,
the velocity of the water phase does not depend on the water

Ž .holdup. It is equal to the mixture homogeneous velocity. In
the considered case, the mixture velocity is kept constant,
hence the water holdup wave propagates at a constant speed.

The results presented in Figures 4 and 5 show the effect of
a decrease in the inlet water superficial velocity in stratified
oil]water flow. The water superficial velocity at the pipeline
entrance decreases linearly with time from 0.2 mrs to 0.05
mrs during 1 h. The mixture velocity is maintained at 1 mrs.
Figure 4 shows the transient water volume fraction profiles.
The water holdup wave is deformed as the wave travels
through the pipeline. In stratified flow the water velocity de-

Ž .pends strongly on the water volume fraction Eq. 12 . A de-
crease in the water volume fraction results in a decrease in

Ž .the velocity of the water phase Figure 5 . At the wavefront, a
particle of water at an upstream location has a higher veloc-
ity than one at a downstream location. This leads to the
smoothening of the wavefront.

Figures 6 and 7 shows transient water holdup and velocity
profiles, respectively, for a transient in which the inlet water
superficial velocity is gradually increased from 0.05 mrs to

(Figure 4. Water holdup wave propagation stratified
)flow, decreasing water flow rate .
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(Figure 5. Transient water velocity profiles stratified
)flow, decreasing water flow rate .

0.2 mrs and the mixture velocity is kept at 1 mrs. As can be
seen from Figure 6, the wavefront becomes steeper as the
wave approaches the pipeline outlet. Contrary to the preced-
ing case, a particle of water at a downstream location at the
wavefront has a higher velocity than one at an upstream loca-

Ž .tion Figure 7 . This phenomenon can lead to the formation
Žof a normal-shock wave an abrupt change in the water

.holdup . In the example presented here, the shock is formed
at tf20,000 s. The formation of shocks in vertical oil]water

Ž .flow was found by Asheim and Grodal 1998 . They also
showed that in a transient caused by a decrease in the input
water volume fraction leads to the smoothening of the holdup
wavefront. The results presented in the present study show
that analogous phenomena occur in horizontal stratified liq-
uid]liquid flow during transients caused by large variations
of the oil and water flow rates at the entrance to the pipeline.

In the last case considered here, the effect of the pipe in-
clination of the flow behavior has been studied. A 20-km-long
16-in.-diameter schedule 80 pipeline is divided into four sec-
tions of equal length, as shown in Figure 8. The first and the
fourth sections are horizontal. The second and the third sec-
tions are inclined 28 upward and 28 downward, respectively.
Initially, steady-state flow is assumed along the pipeline, with

(Figure 6. Water holdup wave propagation stratified
)flow, increasing water flow rate .

(Figure 7. Transient water velocity profiles stratified
)flow, increasing water flow rate .

U s1 mrs and U s0.05 mrs. Figures 9 and 10 show them b
response of the system on an increase in the inlet superficial
water velocity from 0.05 mrs to 0.2 mrs. As in the cases con-
sidered earlier, the water flow rate is increased linearly with
time during 1 h and the mixture velocity is kept constant at
the initial value. At ts0 s, the flow pattern is stratified flow
in all four sections of the pipeline. Due to the gravity effect,
water flows slower in the upward-sloping section and faster
in the downward-sloping section as compared to water flow-

Ž .ing in the horizontal sections Figure 10 . The initial water
Ž .holdup distribution along the pipeline Figure 9 corresponds

to this water-velocity profile. At ts3000 s, a water holdup
wave propagates downstream in the first section of the
pipeline. The water holdup wave becomes steeper in the pro-
cess of wave propagation through the first section. This phe-
nomenon was discussed earlier in the analysis of the tran-
sient produced by an increasing water flow rate in a horizon-
tal pipeline. At about 6000 s, the wavefront reaches the sec-
ond section. Water is accumulated at the bend joining the
first section with the second one. The water accumulation at
the bend produces a ‘‘hump’’ on the water holdup plot. At
ts9000 s, a rise of the water level at the second section re-
sults in the transition to dispersed flow. This transition oc-
curs in the wavefront when a f0.17. An evidence of this isb
the fact that the water velocity here is equal to the mixture

Ž .velocity Figure 10 . The change of the flow regime leads to
the formation of a small, near-horizontal section on the wa-
ter holdup plot, which is subsequently pushed toward the

Ž .pipeline outlet. In the third section Figure 9 , the flow re-
mains stratified and the water accumulation rate is limited by
the acceleration of the water flow: water is a denser liquid
than oil; thus, the gravity force has a larger effect on the
water velocity than on the oil velocity. At 12,000 s, the accu-
mulation of water at the second bend produces another
‘‘hump’’ on the water holdup profile plot. In the first and the
third sections, the flow pattern is stratified flow. Dispersed
flow takes place in the second section. The first section and
most of the second are in steady state. At ts13,500 s, fur-
ther water accumulation at the second bend occurs and water
continues to displace oil from the fourth section. At ts16,500
s, the holdup wavefront reaches the pipeline exit. At ts
19,500 s, steady-state flow is established in the first three sec-
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Figure 8. Pipeline configuration.

tions of the pipeline, while in the fourth section a further
increase in the water holdup occurs. Finally, at ts24,000 s, a
new steady state is reached along the whole length of the
pipeline. The flow pattern in the pipeline is mostly stratified
flow, except for the upward-sloping section where dispersed
flow prevails.

In this study, it was not possible to demonstrate predictive
capability of the model, because of the lack of experimental
or field data on transient liquid]liquid flow in horizontal
pipes. The main purpose of this work is to present a mathe-
matical model for solving problems involving the unsteady
flow of two immiscible liquids in pipes. It should be pointed
out here that the required accuracy of a particular model can
be achieved by the use of appropriate closure relationships,
as is done in all the previously mentioned computer codes.

Inhibitor transport simulation
Continuous injection of a corrosion inhibitor into the

pipeline considered in the previous section has been mod-
eled. A simple case has been analyzed. The inhibitor is as-
sumed to be soluble in water, and the effect of partitioning
the inhibitor between the oil and water phases is negligible
Ž .G s0 . It is also assumed that the inhibitor degradation doesb
not occur. The inhibitor dilution in a pipeline due to an in-
crease in the water rate at the entrance has been simulated.
The geometry of the pipeline, the boundary, and initial con-
ditions are the same as in the last case considered in the
previous section. Initially, the inhibitor concentration is uni-

Figure 9. Transient water holdup distributions.

Ž .form along the pipeline, with y s95 ppm mgrL . The simu-b
lation results are shown in Figure 11. A concentration wave
propagates downstream. As can be seen, the concentration
wave-propagation speed varies. It decreases when the wave

Žreaches the first bend where water accumulation occurs see
.Figures 9 and 10 . The propagation speed increases when the

wave travels through the second and the third sections. Here,
the slope of the wave front relatively horizontal, decreases.

ŽThis can be attributed to an increase in water velocity Fig-
.ure 10 . The water phase slows down at the third bend in the

pipe. The water slowdown results in a decrease in the con-
centration wave propagation speed. The slope of the wave-
front increases. At ts23,000 s, a new steady-state concentra-
tion profile is established along the pipeline.

It should be noted that the considered example is the sim-
plest case of the inhibitor transport conditions. If the parti-

Ž .tioning effect is not negligible G /0 , the inhibitor behaviorb
will be much more complex. In this case, the proposed nu-
merical algorithm can be adapted for solving particular prob-
lems by specifying corresponding constitutive relationships.

Conclusions
A two-fluid model for the transient flow of two immiscible

liquids in a pipeline has been developed. The model is based
on two transient continuity equations and a combined mo-
mentum equation in quasi-steady form. The model is able to
simulate both stratified and dispersed flow patterns. A study

Figure 10. Transient water velocity profiles.
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Figure 11. Concentration wave propagation in water.

of transient oil]water flow in a horizontal or slightly inclined
pipe has been carried out. The results obtained show that a
gradual increase in the input water fraction in horizontal
stratified liquid]liquid flow may result in the formation of a
normal shock. The decreasing water flow rate leads to the
smoothening of the holdup wave. This flow behavior is ex-
plained by a strong dependence of the holdup wave propaga-
tion speed on the water holdup. An experimental study needs
to be carried out to confirm these theoretical results. The
developed model has been used to simulate the transport of
a corrosion inhibitor in a pipeline conveying an oil]water
mixture. It has been found that the dynamics of liquid]liquid
two-phase flow has a significant effect upon the inhibitor
concentration distribution in a phase. The results presented
in this study improve the understanding of transient
liquid]liquid flow and of inhibitor transport in this flow.
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Notation
Asarea
Dspipe internal diameter
csCourant number
g sacceleration due to gravity
hswater-layer height
kswavenumber
pspressure
Ssperimeter
tstime
ysinhibitor concentration

Ž .a svolume fraction of phase in-situ holdup
b sinclination angle

r sdensity
s ssurface tension
t sshear stress

Subscripts
Ž .asless dense phase oil
Ž .bsmore dense phase water

esentrance
isinterface

ksphase
sssuperficial
0sinitial
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