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Abstract

Oil–water two-phase flow experiments were conducted in a 15 m long, 8.28 cm diameter, inclinable steel pipe using min-
eral oil (density of 830 kg/m3 and viscosity of 7.5 mPa s) and brine (density of 1060 kg/m3 and viscosity of 0.8 mPa s).
Steady-state data on flow patterns, two-phase pressure gradient and holdup were obtained over the entire range of flow
rates for pipe inclinations of �5�, �2�, �1.5�, 0�, 1�, 2� and 5�. The characterization of flow patterns and identification
of their boundaries was achieved via observation of recorded movies and by analysis of the relative deviation from the
homogeneous behavior. A stratified wavy flow pattern with no mixing at the interface was identified in downward and
upward flow. Two gamma-ray densitometers allowed for accurate measurement of the absolute in situ volumetric fraction
(holdup) of each phase for all flow patterns. Extensive results of holdup and two-phase pressure gradient as a function of
the superficial velocities, flow pattern and inclinations are reported. The new experimental data are compared with results
of a flow pattern dependent prediction model, which uses the area-averaged steady-state two-fluid model for stratified flow
and the homogeneous model for dispersed flow. Prediction accuracies for oil/water holdups and pressure gradients are
presented as function of pipe inclination for all flow patterns observed. There is scope for improvement for in particular
dual-continuous flow patterns.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

For most oil reservoirs we know that oil is seldom produced alone, but together with water and gas. In
multiphase oil/gas production logging analysis, which is one of the most important aspects of managing
oil/gas production of a field, one would like to derive for each well from limited down-hole information on
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phase holdup and pressure loss the oil, gas and water production rates one can expect. In modern reservoir
management production occurs quite often from near-horizontal wells. Three-phase oil/water/gas flows in
such near-horizontal wells is rather complex. The fluids can adopt different spatial configurations, known
as flow patterns, each with its own slip relation, i.e., its own way to compute phase holdups and three-phase
pressure loss. For the simpler case of purely horizontal oil/water pipe flow it has been shown recently (Rodri-
guez et al., 2004) that it is possible to derive from holdup and pressure gradient measurements oil and water
superficial velocities via an inverse mode prediction technique.

In order to reconstruct the oil and water superficial velocities or production rates, from holdup and pres-
sure gradient information, a flow-pattern-dependent model has been chosen as modeling approach. Although
multiple solutions are expected in this kind of approach, since it is not a well-posed problem, for practical
applications the range of solutions may be sufficiently small to obtain a practical estimate of the flow rates.
The first step was the direct modeling, i.e., a suitable flow-pattern-dependent model for holdup and pressure
gradient had to be identified. For that purpose we have started by using the simplest models that are available.
Of course in a later phase improvements are required, since the better the direct modeling, the better the
inverse mode predictions.

There are only a modest number of publications that address flow pattern transitions in liquid–liquid sys-
tems (Brauner and Maron, 1992a,b, 1999; Trallero, 1995; Trallero et al., 1997; Brauner, 2001; Rodriguez and
Bannwart, 2004). The liquid–liquid flow-pattern prediction model proposed by Trallero (1995) was considered
as a starting point for this work.

Several methods for calculating the pressure drop and the in situ volumetric fractions of the phases in pipe-
lines have been published, which require a correct prediction of the flow patterns (Nädler and Mewes, 1997;
Angeli and Hewitt, 1998). As another example, the modeling of corrosion-inhibitor transport in multiphase
pipelines also involves determining the structure of the two-phase flow (Fairuzov, 2001; Fairuzov et al.,
2000). In recent papers, Sotgia and Tartarini (2001) and Lovick and Angeli (2004) presented studies about
the state of the art in horizontal oil–water flow (including viscous oils) and showed that there are still many
discrepancies in two-phase pressure drop prediction. Even for the relatively simpler case when the oil viscosity
is only a few times higher than water, there is no definitive model or correlation for predicting the two-phase
pressure drop (Angeli and Hewitt, 1998; Valle and Utvik, 1997; Lovick and Angeli, 2001). In this study we use
the standard area-averaged steady-state two-fluid model for stratified flow and the homogeneous model for
dispersed flow for holdup and two-phase pressure gradient calculations. These have been chosen for their sim-
plicity and reasonable accuracies when applied to horizontal oil–water flows of interest to this work (Rodri-
guez et al., 2004).

Oil–water data from literature to validate the inverse technique are rather scanty. Table 1 summarizes the
data sets we have used for that purpose (Trallero, 1995; Alkaya et al., 2000; Fairuzov et al., 2000; Elseth, 2001;
Oddie et al., 2003; a more extensive survey over less recent works on oil–water flow can be found in Lovick
and Angeli, 2004). From the table it is clear that only Trallero (1995) and Elseth (2001) offer holdup and pres-
sure gradient data for various flow patterns, but for horizontal flow only. Alkaya et al. (2000) investigated
experimentally the effect of inclination angle on flow pattern transition boundaries in a slightly inclined
Table 1
Recent experimental works on larger diameter oil–water flow

Alkaya et al. (2000) Elseth (2001) Oddie et al. (2003) Trallero (1995) Fairuzov et al. (2000)

Oil density, qo (kg/m3) 850 790 810 884 851
Oil viscosity, lo (mPa s) 17.9 1.64 1.5 28.8 5
Pipe diameter, D (cm) 5 5.63 15.2 5.01 36.35
Roughness (m) 10�5 a

10�5 a

10�5 a

10�5 a

7 · 10�5 c

Surface tension, r (N/m) 0.036 0.043 0.017b 0.036 0.036
Inclination angle, h (�) �5, �1, 0, 1 and 5 0 �2, 2, 0, 10 and 20 0 0
DP (Pa/m) and holdup (ew) data No Yes No Yes No

a Acrylic (Plexiglas).
b Properties of the fluids similar to those in Angeli and Hewitt (1998).
c Steel.
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5 cm i.d. pipe (�5 to +5), but do not provide holdups and pressure losses. Oddie et al. (2003) studied two and
three-phase flows in a large inclined pipe (15 cm i.d.). Considering the liquid–liquid flow only, flow pattern
characterization and holdup data (no pressure loss) for just two different upward inclinations are reported
(+45 and +90, from the horizontal). Fairuzov et al. (2000) carried out full-scale experiments and reported flow
pattern transitions only in a horizontal pipeline (36.35 cm i.d.) conveying oil–water mixtures. The flow pattern,
holdup and pressure drop models proposed in this work have been validated for all the typical cases shown in
Table 1 (Rodriguez et al., 2004).

We could not find quantitative data on the effects of the inclination angle on the pressure drop and holdup
for the oil–water flow patterns and properties considered of interest for the production of oil and water from
near-horizontal wells (with oil–water density ratio and viscosity ratio up to 0.75 and 30, respectively, mixture
velocities up to 2 m/s in 5 up to 10 cm i.d. pipes and inclination angles from �5 to +5 from the horizontal).
Therefore, the main goal of this work has been to collect a comprehensive set of oil–water flow data in a well-
instrumented large-scale experimental apparatus for validation and extension of flow-pattern-dependent
holdup and pressure gradient models. The data had to be of sufficient quality and quantity for practical
use and for support of the development of new models. The experimental setup must allow for the observation
of all flow patterns so far reported in the literature and be suitable to study the characteristics of each one at
different deviations from horizontal.

The experimental results reported in the present study fill some of the gaps identified above. A set of liquid–
liquid flow data was acquired in a horizontal and slightly inclined large steel pipe using mineral oil and brine.
The following deviations from horizontal were studied: �5�, �2�, �1.5�, +1�, +2� and +5�. For horizontal
flow and for each of the six inclinations we have collected data on two-phase pressure gradient, in situ volu-
metric fraction of the liquid phases (holdup) and on-line digital images of the flow. The holdup and pressure
gradient data are presented as a function of the flow patterns, superficial velocities and inclinations, covering
the entire range of flow rates.

2. Experimental setup

2.1. Inclinable flow loop

The experiments reported in this paper were performed at the Multiphase Test Facility of Shell Exploration
and Production B.V., Rijswijk. Oil–water flow was investigated in a 3-in. 15-m long stainless steel pipe (rough-
ness 4.5 · 10�5). Stainless steel pipes (AISI-316L, schedule 10 S mm, i.d. = 82.5 mm) are used for the transport
of the phases and mixtures. At the 15 m-long test section there is a 1.15 m-long transparent Perspex
(PMMA—polymethyl methacrylate) pipe section for visualizations. The large inclinable flow loop basically
consists of the pipe-work represented in Fig. 1. A mixing section is responsible for the generation of the
multiphase flow (Fig. 1a). In between the mixing section and the test section a length of 250 D is left for
the two-phase flow development. As a matter of fact, only 35 D of straight line is left just before the test sec-
tion, since the 250 D pipe length includes one turn back and two smooth 90� bends. The test section (Fig. 1b) is
fixed to a table that can be pneumatically deviated from 0� (horizontal) to 90� (upright). The direction of the
flow can be inverted; therefore the entire range of uphill and downhill flows can be investigated. Finally, the
oil–water flow is conveyed to a separator.

2.2. Fluids, pumps and separator

Both water (brine, average density of 1060 kg/m3 and viscosity of 0.8 mPa s) and oil (Shell Vitrea 10, aver-
age density of 830 kg/m3 and viscosity of 7.5 mPa s) were kept in the same large separator (oil–water inter-
facial tension of 0.0204 N/m, brine–air and oil–air superficial tensions of 0.0507 N/m and 0.0303 N/m, respec-
tively). Because of the difference in density oil lies in the upper part of the separator, while water remains in the
lower part. Each phase was conveyed through its own series of pipes, pumps (2· Rheinhutte, RN 50/315B
centrifugal pump), flow and temperature meters from the separator to the mixing section. The mixing section
was a 2-m pipe section at which the oil and water lines were connected through independent valves. At the
outlet of the test section pipes carried the mixture back to the separator. In case of dealing with three-phase



Fig. 1. Schematic view of the flow loop: (a) mixing section and (b) test section; FT single-phase density meter, FC flow meter, PT pressure
meter, PdT differential-pressure meter, TT temperature meter, DT gamma densitometer.
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flow, gas reaches the top of the separator and escapes through a chimney, while the liquid phases remain in the
separator (Fig. 2). In this work there were only liquid phases, therefore the separation process was even more
effective. The separator contains several 45�-oriented coalescent plates to accelerate the segregation of the
liquid phases. Fig. 2 shows a schematic view of the separation process and storage of liquids.

2.3. Flow loop instrumentation

The instrumentation used in the experiments provided two types of data, the reference measurements of
flow, deviation, density, pressure and temperature, and the detailed measurements required to determine
the holdup and two-phase pressure gradient. Flow meters (Micro Motion, Coriolis elite massflow meters



Fig. 2. Schematic view of the separation of oil, water and air, and storage of liquids inside the coalescent-plate separator; air (light gray),
oil (dark gray) and water (black).
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CMD 50/100/200), differential (one arm connected to a reference pressure line), gauge and absolute pressure
meters (Rosemount 3051C), temperature meters (Metatemp Pt 100) and density meters (Schlumberger, Solar-
tron 7835B) were part of the reference measurements instrumentation. Video recording (Sony digital video
recorder DSR-20P, tapes Sony ME DVM60) was used for the flow patterns identification and gamma-ray den-
sitometry (density meter Berthold LB 444) for the accurate measurement of the in situ volumetric fraction of
the phases (holdup). Two independent computers were used to conduct the tests and to collect the data. A
controller based on LabView� allowed to set the input water and oil flow rates and to select the appropriate
pumps and flow meters. The second dedicated computer controlled the gamma densitometers.

Considering steady-state oil–water flow, a time-averaged symmetric distribution of the phases is expected if
a vertical plane is taken in the axial direction intersecting the pipe diameter, regardless the flow pattern. In
addition, no intermittent flow pattern, such as slug flow, is to be observed if the oil is relatively light (Trallero,
1995; Elseth, 2001; Bannwart et al., 2004). If we assume that the statements above are correct, an attenuation
technique based on a constant acquisition time can be a reliable solution for liquid–liquid mixture density
measurement. The chosen technique was the gamma-ray densitometry, which has been already successfully
applied in oil–water flows (Elseth, 2001; Oddie et al., 2003). The gamma-ray densitometer measures the
gamma beam absorption and allows the mean density of the mixture in the pipe to be calculated. One nuclear
densitometer was installed at the beginning and another at the end of the inclinable test section to assess the
full development of the two-phase flow, i.e., if the two-phase flow is fully developed, both devices should deli-
ver the same mixture density value (no significant difference was detected). The devices were installed on the
pipe with the gamma source making an angle of 45� with the vertical diameter, which aimed to better sam-
pling. The same calibration procedure was carried out for each device. The pipe was first filled with water
and data were gathered for 5 min giving typical counts. Afterwards, the pipe was filled with oil and the cal-
ibration procedure was repeated. With these count rates, the measured density of a pure fluid in the path
of the gamma ray could be estimated to 0.82% accuracy. The mean density of the in situ mixture, qm, is deter-
mined from the gamma densitometer count and the calibrations. In fully-dispersed flow or homogeneous flow,
the water holdup (in situ volumetric fraction of water), e0w;hom, is calculated by
e0w;hom ¼ qm � qo

qw � qo

. ð1Þ
If we assume that the time and space-averaged mixture density supplied by the 45�-oriented gamma-beam de-
vice is a local quantity for the steady-state conditions studied, the water holdup can be directly correlated to
the water height in fully-dispersed flow. However, for stratified flow a geometrical correction should be intro-
duced to account for the phase distribution along the pipe curvature (Oddie et al., 2003). The water holdup for
stratified flow, e0w;strat, is given by
e0w;strat ¼
1

p
cos�1 1� 2e0w;hom

� �
� 1� 2e0w;hom

� �
sin cos�1 1� 2e0w;hom

� �h in o
. ð2Þ
Here the homogeneous holdup (Eq. (1)) is used in the right-hand side of Eq. (2). The differences between e0w;strat
and e0w;hom are relatively slight. The maximum relative differences were found at the lowest values of water
holdup and were of the order of 7%. Therefore, although Eqs. (1) and (2) are valid for the extreme flow sit-
uations of complete mixing and complete phase separation, errors fairly below 7% are expected when applying
Eqs. (1) and (2) to intermediate flow situations.
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3. Test matrix

The main goal of the experimental work was to generate a comprehensive set of oil–water flow data, which
would cover the entire range of flow rates and a significant range of deviations from horizontal. It should be
possible to observe all flow patterns thus far reported in the literature and the characteristics of each one, at
different inclinations. About 40 points were collected for each inclination (a point means a pair of oil and
water superficial velocities or flow rates). The ranges of oil and water flow rates covered were 0.39–
58.41 m3/h and 0.31–48.54 m3/h, respectively. The ranges of superficial velocities covered were 0.02 < Uos

(oil) < 3.00 m/s and 0.02 < Uws (water) < 2.55 m/s. Therefore, the mixture velocities varied from 0.04 m/s to
5.55 m/s. A graphical version of the test matrix for the seven pipe inclinations is shown in Fig. 7, which will
be discussed in detail in Section 6. The total experimental data set consists of 296 points. In addition 14 tests
were repeated, so the total number of tests conducted was 310.
4. Data sampling

The data collected in this work were found to follow a Gaussian distribution with time. The reference mea-
surements, which include single-phase flow rates, densities of the phases, pressures and temperatures, pre-
sented an uncertainty of 0.1% of range. Two-phase pressure gradient measurements presented an
uncertainty of about 1% of range for most of the experiments. Greater experimental uncertainties (of the order
of 350% or even higher) were detected around dp/dz = 0. These data clearly were unsuitable for a proper anal-
ysis. Regarding the water holdup measurements, uncertainties of the order of 1% of range were computed for
most of the experiments. Higher uncertainties of the order of 10% were detected for the lowest holdups.

Three measurements should be highlighted: frictional pressure drop, single phase viscosity and mixture den-
sity. In order to extract the frictional pressure-drop data from the measured overall pressure-drop data in the
inclined flow tests, we used the measured holdup data to calculate the static pressure component. Single phase
viscosity is an important quantity for the modeling of pressure gradient in both stratified and dispersed flows.
However, it had to be determined indirectly since no in-line measurements of single phase viscosity were pos-
sible in the setup we used. Samples of oil and brine were collected during the tests, from which viscosity curves
as a function of temperature were obtained (capillary viscometer, Schott-Geräte type AVS 310). Such analysis
was carried out mainly in order to verify the possible stable incorporation of water into oil during the tests,
which may increase significantly the oil viscosity. No change in viscosity along the tests was detected. On-line
temperature data together with the experimental curve for the viscosity were subsequently used to determine
the oil and water viscosity values for each experimental point. The on-line measured temperatures at which
physical properties of fluids (density and viscosity) were measured ranged from 35.4 to 50.5 �C for water
and from 37.5 to 53.9 �C for oil.

The only detailed measurement that was not obtained via the acquisition software was the mixture density.
As described above, the gamma densitometer had its own dedicated computer for the acquisition and treat-
ment of the data. The assumption of no-slip was used to determine the experimental uncertainties related
to the gamma-ray densitometry. If we have a homogeneous flow, the mixture density can be given by the
homogeneous model (Wallis, 1969):
qm;hom ¼ qwew;hom þ ð1� ew;homÞqo. ð3Þ
In which
ew;hom ¼ Uws

Uws þ Uos

. ð4Þ
Here Uxs stands for the superficial velocities. Such homogeneous flow was detected in our experiments at mix-
ture velocities above 2 m/s (Um = Uos + Uws) and includes both oil-in-water (o/w) and water-in-oil (w/o)
homogeneous dispersions. In Fig. 3 the mixture density provided by the gamma-ray densitometer, qm,exp, is
compared with the mixture density predicted by the homogeneous model, qm,hom (Eq. (3)), for the whole
set of fully-dispersed flow data obtained, i.e., o/w and w/o flow patterns, including the horizontal and all in-
clined flows.



Fig. 3. Gamma-ray mixture density, qm,exp, against homogeneous mixture density, qm,hom, for the horizontal and all slightly inclined flows
studied.
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The figure illustrates that a good agreement could be achieved between the gamma-ray and the homoge-
neous mixture densities, with less than 1% of deviation. The results shown in Fig. 3 can be used to estimate
the accuracy of the mixture density data (1%) if one assumes that for the fully-dispersed flow observed in these
experiments the homogeneous model truly represents the distribution of the phases.

5. Holdup and pressure gradient models

The models applied for holdup and pressure gradient calculations are the area-averaged steady-state one-
dimensional two-fluid model for stratified flow and the homogeneous model for dispersed flow. Although
these are valid for the extreme flow situations of complete phase separation (i.e., without entrainment) and
complete mixing, respectively, the comparison are thought to provide valuable guidelines on the applicability
and prediction accuracies when these simple models are used for intermediate flow configurations as well.

In the two-fluid model the flow parameters (actual velocities, holdup, etc.) are calculated from the com-
bined momentum equation for steady-state flow. Thus, eliminating the pressure drop from the equations of
each phase:
� swSw

Aw

þ soSo

Ao

� siSi

1

Aw

þ 1

Ao

� �
� ðqw � qoÞg sin h ¼ 0. ð5Þ
Here sx stands for the shear stress, Sx the wetted perimeter, Ax the cross sectional area, qx the density and h the
inclination angle from the horizontal. The upper sign of the interfacial-stress term corresponds to the upper
phase (oil) flowing faster than the bottom phase (water). Eq. (5) is a non-linear equation which can be solved
for the liquid level or holdup using a standard numerical method if the shear stresses are expressed in terms of
known friction factors. Additional relationships are required for calculating the geometrical variables (Ao, Aw,
So, Sw and Si as a function of holdup) and they can be found in Trallero (1995) or Fairuzov (2001). Closure
relationships required for shear stresses in Eq. (5) are summarized in Appendix A. The pressure gradient is
subsequently found by inserting the calculated holdup values into the one-dimensional differential equations
of momentum for oil or water.

The homogeneous model for the pressure gradient in a liquid–liquid dispersion is often given as
dp
dx

¼ �
fm;homqm;homU

2
m

2D
� qm;homg sin h. ð6Þ
Here fm,hom is the mixture friction factor, qm,hom is the mixture density, Um is the mixture velocity and D the
pipe’s internal diameter. The mixture parameters are basically treated as holdup-weighted relations (Eqs. (3)
and (4)). Since this work was not concerned about phase inversion, the mixture viscosity, fm,hom = f(lm), was
simply treated using the homogeneous relation as presented in Elseth (2001). There are concerns on the
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applicability of the homogeneous model in view of expected heterogeneous phase distribution due to segrega-
tion effects by gravity. The performance of the models described above has been recently tested against data
from literature for oil–water horizontal flows (Rodriguez et al., 2004).

6. Experimental results and model comparisons

6.1. Flow patterns

The oil–water flow patterns observed in this work are in line with the flow pattern classification proposed
by Trallero (1995). The only difference is the stratified wavy (SW) flow pattern observed in downward and
upward flow. SW does not present any mixing at the interface and in the flow map is located between the strat-
ified smooth (ST) and the stratified with mixing at the interface (ST&MI) flow patterns (Table 2).

The stratified and semi-stratified flow patterns: ST, SW, ST&MI and Do/w&w, and the oil-in-water homo-
geneous dispersion (o/w) could be characterized by watching the recorded movies of the flow. However, due to
speed and resolution limitations of the video recording system, it was not possible to distinguish between the
water-in-oil homogeneous dispersion (w/o) and a possible Dw/o&Do/w flow pattern in the oil-dominated
region (in this text the term oil-dominated indicates the region of highest oil flow rates and lowest water flow
rates, it does not mean necessarily an oil-continuous region; similarly for the term water-dominated). Both
flow patterns were expected to occur according to some authors (Trallero, 1995; Alkaya et al., 2000; Elseth,
2001; Lovick and Angeli, 2004).

Photographs of the flow patterns are shown in Fig. 4 (all pictures correspond to horizontal flow, with the
exception of the picture related to the SW flow pattern, which corresponds to downward flow). Note that the
same picture is shown for both w/o and Dw/o&Do/w flow patterns, in accordance to what was mentioned
above. With respect to the Stratified Wavy (SW) flow pattern, its most remarkable hydrodynamic feature is
the stable wavy structure of the interface. No sign of dispersion at the interface was observed whatsoever.
Table 2
Flow patterns observed

Stratified smooth ST
Stratified wavy SW
Stratified flow with mixing at the interface ST&MI
Dispersion of oil in water and water Do/w&w
Oil in water homogeneous dispersion o/w
Water in oil homogeneous dispersion w/o
Dispersions of water in oil and oil in water Dw/o&Do/w

Fig. 4. Pictures of the flow patterns observed in this work (snap shots taken from the recorded movies; white is water; light gray is oil and
dark gray is dispersion).
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The SW flow pattern was clearly observed in downward flow. In the downhill flows studied (�1.5�, �2� and
�5�) the SW flow pattern seemed to be systematically located in between the stratified Smooth (ST) and the
Stratified with Mixing at the Interface (ST&MI) flow pattern regions. On the other hand, in the upward flows
studied the SW pattern was also seen, but in a different region of the flow map. A stable wavy structure resem-
bling a caterpillar was visible at low water and medium oil superficial velocities. Such caterpillar waves (Fig. 5)
seemed to occur due to a combined effect of water backflow, detected at the bottom of the pipe, and water
recirculation near the interface. The water backflow and recirculation phenomenon (Fig. 7g) could be visually
observed through small oil droplets which would be carried along the relative water flow enclosed in between
the bottom of the pipe and the oil–water interface. Finally, wavy structures were in fact also observed in hor-
izontal flow; however, then there were always traces of mixing at the interface.

We have investigated whether there would be a dual-continuous Dw/o&Do/w flow pattern in the oil-dom-
inated region (Lovick and Angeli, 2004). For that purpose we applied the homogeneous model. Assuming that
the homogeneous model represents very well the phases distribution for fully-dispersed flow patterns, it should
be possible to detect a relative deviation from the homogeneous behavior by comparing the holdup results of
the w/o flow pattern with the results of the Dw/o&Do/w flow pattern. The relative deviation from the homo-
geneous behavior was quantified by comparing the experimental water holdup to that predicted by the homo-
geneous model as follows:
100 � ew;hom � ew;exp
ew;exp

� �
¼ % of deviation from homogeneous behavior. ð7Þ
Fig. 6 shows the relative deviation from the homogeneous behavior as a function of water superficial veloc-
ity for a constant oil superficial velocity (Uos = 3.00 m/s) in horizontal and +2�-inclined flow. In horizontal
flow (Fig. 6a) one may see that the two flow patterns behave rather similar, both not deviating much more
than 1% from the homogeneous, no-slip, model. A different behavior is seen for one of the data for the dis-
persion of water in oil and oil in water (Dw/o&Do/w) for the 2�-upward flow. At a water superficial velocity
Uws = 1.40 m/s the change of trend is rather clear (Fig. 6b, about 10% deviation). What is in fact clearly
observed in Fig. 6 is the systematic increase of the deviation from the homogeneous behavior with the increase
of the water superficial velocity. However, at the highest water superficial velocities the trend is inverted. Such
inversion of trend may actually denote phase inversion from oil-continuous to water-continuous flow. There-
fore, the detected change of trend and the relatively higher deviation from the homogeneous behavior could be
considered as possible evidences of the existence of the dual-continuous Dw/o&Do/w flow pattern region.
Analogous results were obtained for the other inclinations.

Fig. 7 shows the entire set of experimental flow maps for horizontal and slightly inclined flows (symbols)
together with the predictions of the flow pattern model (solid lines). The agreement between the experimental
flow map and that predicted by the model was 80% or above for horizontal and downward flows (Fig. 7a–d).
At this stage the SW flow pattern is still considered as a kind of ST&MI. The agreement reaches 95% if one
considers the ST and ST&MI patterns as stratified flow patterns and the rest as dispersed. As a matter of fact,
the ST&MI may correspond to a dual-continuous flow pattern (Lovick and Angeli, 2004), since significant
dispersion at the interface was detected. However, the holdup evaluation (Section 6.2) shows that this flow
pattern presents a slip behavior of a completely segregated phase distribution. Such apparently large differ-
ences happened basically at the stratified region. Considering the horizontal flow (Fig. 7a), one may notice
that the model overestimates the ST region. That disagreement had been already observed from a comparison
Fig. 5. Caterpillar waves.



Fig. 6. Relative deviation from the homogeneous behavior in the oil-dominated region: (a) horizontal flow and (b) +2� inclined flow; 1%-
deviation dotted line shown as reference purposes only.
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with data from the literature (Rodriguez et al., 2004). Such a result suggests that the stability-analysis transi-
tion criteria for stratified flow require further improvement, especially when applied to larger diameters. On
the other hand, the ST&MI boundary works quite well (Fig. 7a): the predicted and experimental ST&MI tran-
sition boundaries almost match. A slightly worse agreement was obtained for upward flow, 75% or above
(Fig. 7e–g). The higher disagreement in this case was due to the split of the predicted ST region into two
new ST regions, with no apparent physical meaning. If one considers the ST and ST&MI as stratified flow
patterns and the rest as dispersed the agreement also reaches 95%. Such overall agreement is of the same order
as that presented by the latest mechanistic models found in the literature (Petalas and Aziz, 2000).

With respect to the inclination angle effect on flow patterns, in downward flow the ST pattern tends to dis-
appear. The ST region was somewhat substituted by the SW pattern. Another remark regards the Do/w&w
region, which tends to increase with downward inclination towards the ST&MI region (Fig. 7d). In upward
flow the ST pattern also tends to disappear. The new wavy flow pattern SW—caterpillar wave was detected at
low water and mid oil superficial velocities (Fig. 7f). In the highest upward inclination the SW pattern also
disappeared and a region of strong water backflow and recirculation was detected at low water and mid oil
superficial velocities (Fig. 7g).

A last remark should be made regarding the new sub-region predicted in the 5�-uphill flow (Fig. 7g). The
new ST&MI* sub-region observed in the ST&MI region, at medium/low water and medium oil superficial
velocities, was actually predicted by the model as an o/w homogeneous dispersion region. The experimental
points related to this area are those for which strong water backflow at the bottom of the pipe and water recir-
culation at the interface were observed.

6.2. Holdup

We will now compare the water-holdup data first qualitatively and then quantitatively with predictions of
the two-fluid model for stratified flow and the homogeneous model for dispersed flow. It is important to point
out that the global holdup predictions depend on the flow-pattern model. Therefore, the choice for a suitable
holdup model can only be made after the definition of which flow pattern behaves as stratified or dispersed
flow. Unfortunately, the choice is not trivial, especially for the case of dual-continuous flows. Dual-continuous
flows are somewhat between the stratified and fully-dispersed flows in terms of the in situ distribution of the
phases (Lovick and Angeli, 2004). We present the holdup results as function of the water superficial velocity
for a constant oil superficial velocity. Six different oil superficial velocities (0.02, 0.07, 0.30, 0.60, 1.50 and
3.00 m/s), spanning all flow map regions, have been analyzed.

Fig. 8 shows for two of the oil superficial velocities investigated, 0.30 and 1.50 m/s, comparisons between
horizontal-flow data and results calculated with the two-fluid model (drawn curve) and the homogeneous
model (dotted line) as a function of the water superficial velocities. The comparison is made via the (water
cut)/(water holdup) ratio, Cw/ew, which gives a suitable relative representation of the liquid–liquid slip or



Fig. 7. Experimental (dots) and predicted (solid lines) flow pattern maps: (a) horizontal flow, (b) �1.5�, (c) �2�, (d) �5�, (e) 1�, (f) 2� and
(g) 5�.
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Fig. 8. Cw/ew in horizontal flow as a function of the water superficial velocity; experimental results (dots), two-fluid model (solid line) and
homogeneous model (dotted line); (a) Uos = 0.30 m/s and (b) 1.50 m/s.
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in situ phase accumulation. By inspection of Fig. 8 one may see that the two-fluid model (solid line) agrees
reasonably well with the trend presented by the experimentally obtained ST&MI and Do/w&w dots (refer also
to Table 2). The dots related to o/w and Dw/o&Do/w flow patterns are more in line with the homogeneous
model (dotted line).

In upward flow there is an expected trend of in situ accumulation of the denser phase, in this case water.
Hence, the Cw/ew ratio is expected to reach lower values in comparison to horizontal flow. Fig. 9 shows for a
pipe angle of +5� the comparisons of measurements and model calculations for two of the oil superficial veloc-
ities studied, 0.30 and 1.50 m/s. The two-fluid model (solid line) and the homogeneous model (dotted line) rea-
sonably well represent the trend of the experimental points related to stratified (ST&MI) and oil-dominated
dual-continuous (Dw/o&Do/w) flow patterns.

For downward flow there is an expected trend of in situ accumulation of the lighter phase (in this case oil).
Hence, the Cw/ew ratio is expected to reach higher values compared to horizontal and upward flow. Fig. 10
shows the results for a pipe angle of�5� and oil superficial velocities of 0.30 and 1.50 m/s. The two-fluid model
(solid line) agrees reasonably well with the experimentally obtained ST&MI and Do/w&w, and the homoge-
neous model (dotted line) with the data related to the fully dispersed o/w. Some ambiguity is observed for the
oil-dominated dual-continuous Dw/o&Do/w flow pattern. At low water superficial velocities the two-fluid
model seems to be better. However, at high velocities, which represented most cases studied, the homogeneous
model presents better results.
Fig. 9. Cw/ew in 5�-upward flow as a function of the water superficial velocity; experimental results (dots), two-fluid model (solid line) and
homogeneous model (dotted line); (a) Uos = 0.30 m/s and (b) 1.50 m/s.



Fig. 10. Cw/ew in �5�-downward flow as a function of the water superficial velocity; experimental results (dots), two-fluid model (solid
line) and homogeneous model (dotted line); (a) Uos = 0.30 m/s and (b) 1.50 m/s.
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We can summarize the above analysis of the holdup models by observing that the two-fluid model should
be applied to the ST and ST&MI flow patterns, whereas the homogeneous model should be applied to the o/w
and w/o. On the other hand, it is not perfectly clear which model should be applied to the water-dominated
Do/w&w flow pattern and oil-dominated Dw/o&Do/w dual-continuous flow pattern. Nevertheless, most of
the experimental data confirm the homogeneous model as a more adequate holdup model for the Do/w&w
and Dw/o&Do/w flow patterns.

The effect of deviation from the horizontal is now qualitatively analyzed for uphill and downhill flows. Such
effect, predicted by the two-fluid model, is compared with the data. Fig. 11 shows the (water cut)/(water
holdup) ratio, Cw/ew, as a function of the uphill inclination angle. Although there is a relatively significant
deviation from the two-fluid model curves, the data (Fig. 11, dots) present the same trend of moving towards
lower Cw/ew values by increasing the uphill inclination angle. Fig. 12 shows Cw/ew as a function of the down-
hill inclination angle. Also here the data present the same trend as the two-fluid model: now moving towards
higher Cw/ew values when the angle becomes steeper, as expected. Note that in Figs. 11 and 12 the two-fluid
curves for the low oil velocity case approach the homogeneous model results at higher water velocities,
whereas for the 0.30 m/s oil velocity case (Figs. 11b and 12b) the two-fluid results asymptote to a value that
is consistently higher than the no-slip values.

The results of the holdup models (two-fluid model and homogeneous model applied to their respective flow
patterns) are now quantitatively compared with our data. The values predicted by the models are compared
with the experimental data by using the average relative error (e):
Fig. 11. Cw/ew, as a function of the uphill inclination angle; experimental results (dots), two-fluid model (solid line) and homogeneous
model (dotted line); (a) Uos = 0.02 m/s and (b) 0.30 m/s.



Fig. 12. Cw/ew, as a function of the downhill inclination angle; experimental results (dots), two-fluid model (solid line) and homogeneous
model (dotted line); (a) Uos = 0.02 m/s and (b) 0.30 m/s.
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fFP ½ðkmodÞ2f ;ðkmodÞhom ��kexp

kexp

� �2
r

N
½%� . ð8Þ
Here fFP denotes a functional relation with flow pattern, k is either holdup or pressure gradient, the subscript
mod indicates model prediction (2f two-fluid model and hom homogeneous model) and the subscript exp the
respective experimental point; N is the number of runs carried out. In addition, the maximum deviation (dev)
of the points (spreading) gives an impression of the accuracy of the models. Although such analysis includes
both systematic and random experimental errors, in most of the cases the observed spreading is mainly due to
imperfections of the models (refer to Section 4). Only for pressure gradients around zero the experimental
uncertainties may have superseded the model errors. Table 3 shows a comparison of experimental data and
predicted water holdup as a function of flow pattern and inclination. In this table the two-fluid model has been
used for ST and ST&MI patterns and the homogeneous model for the others.

When we consider the survey of average relative errors and deviations large values are seen for the water-in-
oil homogeneous dispersion, w/o. The best agreement was observed for the other dispersed flow patterns. Nev-
ertheless, the accuracy of 15% offered by the two-fluid model is also reasonably good. Slightly worse accuracies
of 25% are achieved for the downward-flow case. One may see that the two-fluid model and the homogeneous
model tend to overestimate the water holdup in the ST&MI flow pattern for upward flow and in the Do/w&w
flow pattern for horizontal and upward flow, respectively. On the other hand, the homogeneous model under-
estimates the water holdup in the Dw/o&Do/w pattern for downward flow. The relatively poor accuracies for
w/o flow pattern are for a region of very low water holdups (always below 0.1) with relatively high experimen-
tal uncertainties.

In order to avoid any misinterpretation due to experimental uncertainties, regarding the overall comparison
between the models and experimental data, the further analysis was carried out for water holdup values above
3
arison of experimental data and predicted water holdup as a function of flow patterns and inclination

0� inclination +5� �5�

e (%) dev (%) e (%) dev (%) e (%) dev (%)

13 ±15 – – – –
I 6 ±15 9 +15 16 ±25
w 6 +15 4 +10 17 ±25

1 ±1 2 ±5 2 +2
25a �25a 15a ±20a 9a ±15a

Do/w 4 ±5 7 ±10 9 �15

considered as a kind of ST&MI.
served for water holdups lower than 0.1.



Fig. 13. In situ water holdup predicted by the models against in situ water holdup experimentally obtained; horizontal flow.

Fig. 14. In situ water holdup predicted by the models against in situ water holdup experimentally obtained: (a) upward flow, +5� and
(b) downward flow, �5�.
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0.1 only. As may be seen in Fig. 13, in horizontal flow the relative error is 7%, whereas the accuracy (or max-
imum deviation) is 15%. The same quantitative evaluation was carried out for upward and downward flow.
Fig. 14 shows the comparison between the predicted and experimental water holdups. The calculation for a
pipe angle of +5� (Fig. 14a), represented by an overall relative error of around 5% and an accuracy (or max-
imum deviation) of 15%, is relatively good. Fig. 14b shows a relatively poor agreement for �5�-downward
flow. The overall relative error of the data is around 10%, whereas the accuracy (or maximum deviation) is
of 25%.

6.3. Pressure gradient

The oil/water pressure-gradient data were also qualitatively and quantitatively compared with predictions
of the two-fluid model for stratified flow and the homogeneous model for dispersed flow. The pressure gradi-
ent prediction also depends on the flow-pattern prediction model. In addition, its accuracy depends on the
correct choice of the holdup model. Therefore, a pressure gradient model can only be applied after the defi-
nition of which flow pattern behaves as stratified or dispersed flow, i.e., after the choice of the adequate holdup
model. According to the results presented above, the two-fluid model was applied to the ST and ST&MI flow
patterns, whereas the homogeneous model was applied to the o/w, w/o, Do/w&w and Dw/o&Do/w flow
patterns.



Fig. 15. Horizontal-flow oil–water pressure gradient as a function of the water superficial velocity for several constant oil superficial
velocities: (a) experimental data (dots), experimental transition boundaries (solid lines) and model transition boundaries (dotted lines); (b)
two-fluid model (solid lines) and homogeneous model (dotted lines).
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Fig. 15 shows the horizontal-flow oil–water pressure gradient as a function of the water superficial velocity
for several constant oil superficial velocities. The experimentally defined flow pattern regions (Fig. 15a, solid
lines; from video data and analysis of deviation from homogeneous behavior) and the flow pattern transition
boundaries predicted by the model (Fig. 15a, dotted line) are also shown as reference. Here once more it is
clear that the ST transition boundary is responsible for the largest difference between predicted and observed
flow pattern transitions (refer to Section 6.1). The transition from stratified to dispersed flow seems to happen
somewhere in between the predicted ST-ST&MI transition boundary (dotted line; refer also to Fig. 7a) and the
experimental ST&MI-Do/w&w transition boundary (solid line). The observed change of trend of the exper-
imental data supports this statement. Such result reassures the right choice of treating the Do/w&w flow pat-
tern as dispersed. Fig. 15b compares horizontal-flow data with models. The two-fluid model (solid lines) tends
to underestimate the experimental points related to the stratified region (refer also to Fig. 15a), especially at
the lowest water superficial velocities. However, the general trend is reasonably well predicted. The homoge-
neous model is doing a better job when comparing with experimental points related to the dispersed region
(Fig. 15b, dotted lines; refer also to Fig. 15a). A larger mismatch between the homogeneous model and the
respective experimental data points was observed only at the highest water and oil superficial velocities, where
the model tends to overestimate the experimental data. The general trend is again reasonably well predicted.
Elseth (2001) observed that in general the pressure-drop data fit the two-fluid model best for intermediate
water-cuts, whereas for high water-cuts the model under-predicts the pressure drop. We find the same in
Fig. 15b at water–oil volume ratios close to unity and at high water–oil ratios, respectively. Besides, we have
found that at low water–oil ratios (or low water-cuts) the two-fluid model also under-predicts the pressure
drop. Elseth (2001) also states that for dispersed flows the homogeneous model over-predicts at low water-cuts
and under-predicts at high water-cuts. In Fig. 15b we may see that at high water–oil ratios (or high water-cuts)
the homogeneous model slightly under-predicts the data, in accordance with Elseth’s observations. However,
for the low water–oil ratios (or low water-cuts) studied in this work we obtained the best agreement with the
homogeneous model. On the other hand, in Fig. 15b the homogeneous model over-predicts the pressure gra-
dient at water–oil ratios close to unity (or intermediate water-cuts).

Lovick and Angeli (2004) state that the standard two-fluid model is unable to predict the pressure gradient
during dual-continuous flow. According to the flow pattern classification proposed in this work, ST&MI and
Dw/o&Do/w flow patterns might be considered as dual-continuous flows, since they present features of both
purely stratified and fully-dispersed patterns (Lovick and Angeli, 2004). The water-continuous Do/w&w flow
pattern also presents features of both stratified and dispersed patterns. In this work the ST&MI was simply
treated as stratified pattern and modeled by the two-fluid model. As one may notice by referring to
Fig. 15, in the ST&MI region the two-fluid model predicts the pressure gradient with relatively good accuracy
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at intermediate and high water–oil ratios. Relatively poor agreement is seen at low water–oil ratios. On the
other hand, the Do/w&w and Dw/o&Do/w were simply treated as fully-dispersed patterns and modeled by
the homogeneous model. In the Do/w&w region the agreement between the homogeneous model and pres-
sure-gradient data is rather good, while in the Dw/o&Do/w region the homogeneous model overestimates
the data (Fig. 15). Nevertheless, the agreement is also relatively good.

The models definitely could be improved by better predicting the transition from ST to ST&MI, the pres-
sure gradient in the ST&MI at low water–oil ratios and the pressure gradient in the Dw/o&Do/w region at
water–oil ratios close to unity. However, on the whole the simple models reasonably well reflect the trends
of the pressure gradient for all flow patterns, including the dual-continuous flows.

Finally, model predictions are quantitatively compared with the experimental data through the average rel-
ative error (Eq. (8)) and the deviation. Table 4 shows a comparison of experimental data and predicted pres-
sure gradients as function of flow pattern and inclination. In Table 4 the two-fluid model has been used for ST
and ST&MI patterns and the homogeneous model for the rest. At a first glace, one may notice that poor accu-
racies are obtained in the ST flow pattern for horizontal flow and in the o/w and Dw/o&Do/w flow patterns
for downward flow. At this region of dp/dz ffi 0 the data suffer from high experimental uncertainties. In hor-
izontal flow, the models tend to underestimate the pressure gradient in the ST&MI and Do/w&w. In upward
flow, the homogeneous model underestimates the pressure gradient in the Do/w&w flow pattern. On the other
hand, the homogeneous model overestimates the pressure gradient in the Dw/o&Do/w flow pattern. In down-
ward flow, the two-fluid model overestimates the pressure gradient in the ST&MI pattern and the homoge-
neous model overestimates the pressure gradient in the w/o flow pattern.

Fig. 16 shows an overall comparison of the pressure gradients predicted by the models and those experi-
mentally obtained in horizontal flow. The two-fluid model underestimates the data at the lowest mixture veloc-
ities, whereas the homogeneous model tends to overestimate the data at the highest mixture velocities. These
Table 4
Comparison of experimental data and predicted pressure gradient as a function of flow patterns and inclination

0� inclination +5� �5�

e (%) dev (%) e (%) dev (%) e (%) dev (%)

ST 360a 500a – – – –
ST&MI 28 �35 10 ±20 9 +15
Do/w&w 8 �20 6 �10 4 ±5
o/w 4 +5 and �10 3 +2 and �5 67a +100a

w/o 2 ±5 2 ±5 27 +35
Dw/o&Do/w 40 +35 18 +35 250a +100a

SW is considered as a kind of ST&MI.
a Observed for pressure gradients around zero.

Fig. 16. Pressure gradients predicted by the models against pressure gradients experimentally obtained; horizontal flow.



Fig. 17. Oil–water pressure gradient predicted by the models against oil–water pressure gradient experimentally obtained: (a) upward
flow, +5� and (b) downward flow, �5�.
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are responsible for the relatively high overall inaccuracy. Therefore, even though the relative error was found
to be 19%, the accuracy (or maximum deviation) is as high as 35%.

The same quantitative evaluation was carried out for upward and downward flows. Fig. 17a compares for a
pipe angle of +5� the predicted with the measured oil/water pressure gradients. The overall relative error is
around 9% and the accuracy 35%. It can be also seen that the uphill inclination angle has an effect of increas-
ing the pressure-gradient values, especially at the lowest mixture velocity points, as expected since for upward
flow the frictional and gravitational pressure gradients are both against the flow. Notice that the relative error
is slightly lower than that computed for horizontal flow. Apparently the gravitational term contributes to
decrease the relative error between data and model predictions for some cases. Fig. 17b shows the comparison
for a pipe angle of �5�. The evaluation took into account the region of negative pressure gradients, since in
practice negative two-phase pressure-gradient values are to be acquired. The relative error ranged around
50%. Such relatively high error happened mainly due to the measurements taken around the ‘‘zero’’ value
of pressure gradient. The experimental uncertainties around dp/dz = 0 were relatively high and are probably
responsible for this. In general a more significant propagation of uncertainties may have happened, since in
downward flow the holdup predictions were also relatively poor. As a matter of fact, the experimental uncer-
tainties around dp/dz = 0 (Table 4) ruin any possible comparison between data and models. If such points are
arbitrarily excluded from the error analysis the accuracy obtained is around 35%, which is similar to the hor-
izontal and upward flow findings. Inclination affects mainly the lowest mixture velocity points, where gravity
plays a more relevant role. Such points moved on towards lower pressure gradient regions with the increase of
the downhill inclination angle, as expected since gravity now favours the flow.

We have to find out whether these relatively large errors lead to acceptable estimates of oil and water super-
ficial velocities when we apply the inverse model technique. The results of the analysis can also serve as basis
for further model developments. We have to realize that in the flow pattern dependent approach errors in flow
pattern determination and in phase holdup both contribute to the relatively large errors in the oil/water pres-
sure gradient predictions. So, attempts to reduce these sources of errors by model improvements should have a
high priority. An omission is that we have not accounted for the possible occurrence of oil/water inversion,
which may lead to increased frictional pressure losses at large mixture velocities and appropriate water-cuts.
This aspect will be addresses in a forthcoming paper. Also, a more refined two-fluid model for dual-continuous
flow patterns may improve the accuracy. This requires more refined measurements with proper information on
drop entrainment, size and distribution in oil/water pipe flow. Such measurements are in preparation.

7. Conclusions

Flow patterns, phase holdups and pressure gradients have been measured for horizontal and inclined (�5�,
�2�, �1.5�, 1�, 2� and 5�) oil/water flow in an 8.28 cm diameter steel pipe using mineral oil and brine as fluids
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at mixture velocities from 0.04 m/s to 5.55 m/s. The measuring accuracies of water holdups varied from 0.1%
to 10% (at water holdups lower than 0.1) of range and were of the order of 1% of range for most of the exper-
iments. The measuring accuracies for oil/water pressure gradients were of the order of 1% of range for most of
the experiments. The following main conclusions can be drawn from this experimental study:

• The seven observed oil–water flow patterns for horizontal, upward and downward inclined flow are reason-
ably well described by the Trallero’s flow pattern map. For downward inclined flow a stable wavy structure
was observed. For upward inclined flow regions with high water recirculation were detected. The stratified
smooth flow pattern disappears with inclination and is replaced by a stratified wavy flow pattern.

• The measured holdup and pressure-gradient data have been compared with calculations using two simple
models: the two-fluid model and the homogeneous model. Although these are valid for the extreme flow
situations of complete phase separation (i.e., without entrainment) and complete mixing, respectively,
the comparison provides valuable guidelines on the applicability and prediction accuracies when these mod-
els are used for intermediate flow configurations.

• With respect to the dual-continuous flows, the stratified flow pattern with mixing at the interface (ST&MI)
presents slip behavior of a stratified flow, whereas the dispersions of water in oil and oil in water pattern
(Dw/o&Do/w) behaves basically as dispersed flow. The dispersion of oil in water and water pattern (Do/
w&w) presents an ambiguous behavior in terms of slip and might be treated as either stratified or dispersed
flow.

• With these simple models prediction accuracies varied with flow pattern and pipe inclination. For horizon-
tal flow prediction accuracies with the two-fluid model for water holdups are 15% for the stratified flow
patterns (ST and ST&MI). With this model pressure gradients are predicted with accuracies of 35%. The
homogeneous model performs best for the o/w and Dw/o&Do/w flow patterns with prediction accuracies
for water holdup of 1% and 5%, respectively; its overall accuracy for the dispersed patterns was of 15%.
With this model pressure gradients are predicted with accuracies of 35%. For upward flow similar results
were obtained regarding the flow pattern effect. The prediction accuracies with the two-fluid model and the
homogeneous model for water holdups are 15% and 10%, respectively. Oil/water pressure gradients are pre-
dicted by these models with accuracies of 20% and 35%, respectively. For downward flow the prediction
accuracies with the two-fluid model and the homogeneous model for water holdups are both 25%. For pres-
sure gradients they are 15% and 35%, respectively.
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Appendix A. Closure relations for shear stress modeling

The wall shear stress acting on each phase is expressed in terms of the local velocity of the phase and cor-
responding friction factor. For the bottom phase, i.e., water:
sw ¼ fw
qwUwjUwj

8
; ðA:1Þ
where fw is the water friction factor and Uw the local water velocity, and
fw ¼
64=Rew ¼ 64=ðqwDhwUw=lwÞ for Rew 6 1500

�1:8Log10
6:9
Rew

þ e
3:7Dhw

� �1:1
� �� 	�2

for Rew > 1500;

8><
>: ðA:2Þ
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where for transitional/turbulent flow the Haaland (1983) correlation is used, and Rew is the water Reynolds
number, Dhw is the water hydraulic diameter, lw is the water viscosity and e the pipe wall roughness. For the
upper phase, i.e., oil:
so ¼ fo
qoUojUo

8
; ðA:3Þ
where fo is the oil friction factor and Uo is the local water velocity, and
fo ¼
64=Reo ¼ 64=ðqoDhoUo=loÞ for Reo 6 1500

�1:8Log10
6:9
Reo

þ e
3:7Dho

� �1:1
� �� 	�2

for Reo > 1500;

8><
>: ðA:4Þ
where Reo is the oil Reynolds number, Dho is the oil hydraulic diameter, lo is the oil viscosity. The friction
factor fw in Eq. (A.2) and fo in Eq. (A.4) are evaluated using adjustable definitions of the equivalent hydraulic
diameters (Brauner and Maron, 1992a,b),

for Uw > Uo,
Dhw ¼ 4Aw

ðSw þ SiÞ
and Dho ¼

4Ao

So

ðA:5ÞandðA:6Þ
for Uw < Uo
Dhw ¼ 4Aw

Sw

and Dho ¼
4Ao

ðSo þ SiÞ
. ðA:7ÞandðA:8Þ
According to Trallero (1995), the interfacial shear stress can expressed as
si ¼ si;smooth þ si;wavy; ðA:9Þ

where
si;smooth ¼ fiqf

ðUw � UoÞ2

8
ðA:10Þ
and considering the sheltering hypothesis,
si;wavy ¼ qfðUw � UoÞ2Cs ¼ f ðhw; xÞ and ðA:11Þ

for Uw > Uo
fi ¼ fw and qf ¼ qw; and ðA:12ÞandðA:13Þ

for Uw < Uo
fi ¼ fo and qf ¼ qo. ðA:14ÞandðA:15Þ

Note that si,smooth considers only the interfacial friction when the interface is smooth. The wave effects are

incorporated into the model via si,wavy and the parameter Cs must be evaluated empirically. It was used the
parameter Cs = 0.073, which was adjusted by Trallero (1995).
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