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An experimental study on drag-reduction phenomenon in dispersed oil-water flow has been performed in a 26-mm-i.d. Twelve
meter long horizontal glass pipe. The flow was characterized using a novel wire-mesh sensor based on capacitance
measurements and high-speed video recording. New two-phase pressure gradient, volume fraction, and phase distribution data
have been used in the analysis. Drag reduction and slip ratio were detected at oil volume fractions between 10 and 45% and
high mixture Reynolds numbers, and with water as the dominant phase. Phase-fraction distribution diagrams and cross-
sectional imaging of the flow suggested the presence of a higher amount of water near to the pipe wall. Based on that, a
phenomenology for explaining drag reduction in dispersed flow in a flow situation where slip ratio is significant is proposed. A
simple phenomenological model is developed and the agreement between model predictions and data, including data from the
literature, is encouraging. VVC 2011 American Institute of Chemical Engineers AIChE J, 58: 2900–2910, 2012
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Introduction

The common occurrence of multiphase flows in pipes has
motivated much research interest in this field. Liquid–liquid
flow is commonly encountered in the petroleum industry,
where a number of applications involve oil-water flow such
as crude oil production and transportation. The water propor-
tion in crude oil production is increasing day by day and
then the flow of oil-water mixtures is receiving more atten-
tion from the researchers. In oil transportation process the
flow of a mixture of oil and water through pipelines over
long distances causes significant pressure losses. The cocur-
rent pipe flow of two liquids is more complex as compared
to single-phase flow of either of the fluids and the prediction
of the frictional pressure gradient usually cannot be made by
extrapolation of single-phase codes. The proper design of a
two-phase production well or pipeline depends on the accu-
rate prediction of this frictional pressure gradient. This has
been one of the main reasons behind the great interest in the
study of oil-water flows observed in recent years.

The dispersed flow pattern, where one phase is dispersed
as droplets into the other continuous phase, is common in
crude oil transmission and offshore pipelines, with either oil
or water as the dominant phase. However, it has not been
studied as intensively as separated or intermittent flows. An
interesting feature of liquid–liquid flow is the drag reduction
phenomenon (DRP), yet not well understood. The occurrence
of DRP without the addition of drag reduction agents in dis-
persed flow has been reported in some previous studies.
Drag reduction phenomenon can be defined as a reduction in
two-phase pressure gradient in comparison with single-phase
equivalent values.

Pal1 investigated the behavior of oil-water dispersions and
emulsions in laminar and turbulent horizontal flows. He
found that such dispersions exhibit drag reduction in turbu-
lent flow. The effective viscosity values obtained in turbulent
flow are smaller than the equivalent values in laminar flow.
This indicates a relative decrease of the pressure gradient in
turbulent regime. He believes that in turbulent pipe flow of
dispersions the deformation of drops could cause the modifi-
cation of the turbulence scales of the continuous phase flow,
which could explain the DRP associated to oil-water dis-
persed flows. In addition, he indicates that the intensity of
the drag reduction depends on the oil physical properties and
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on the concentration of the dispersed phase. Moreover, the
author proposed a theoretical method to predict the viscosity
of emulsions of two immiscible liquids, based on the effec-
tive rheological properties of the mixture. The proposed
equation predicts the viscosity data of emulsions very well,
covering a broad range of viscosity values.2

Nädler and Mewes3 investigated the flow of oil and water
in a horizontal pipe made of perspex with an inner diameter
of 59 mm and a total length of 48 m. Those authors
observed drag reduction in oil-in-water dispersion and in a
flow pattern that consisted of a water layer and layers of
dispersion of water-in-oil and oil-in-water. The minimum
two-phase pressure drop was of the order of that of pure
water flowing alone in the pipe at the same mixture superfi-
cial velocity. Angeli and Hewitt4 measured pressure
gradients in oil-water flow with a low viscosity oil in two
horizontal 25.4-mm-i.d. pipes made from stainless steel and
acrylic resin. They found that the two-phase pressure
gradient and phase distribution depend strongly on the pipe
material and attribute it to wettability effects of the pipe
wall. A drag reduction was observed at high mixture veloc-
ities (2.6–3.0 m/s) and low water fraction, where the dis-
persed pattern prevails (being the oil the continuous phase)
in both pipes. Experimental mixture friction factors were
measured with either oil or water as continuous phases and
also in single phase flows. The mixture friction factors were
significantly smaller than the single phase ones when the oil
is the continuous phase and almost the same when the water
is the continuous phase.

Some other authors also observed lower pressure gradients
than those of single-phase water flow during oil-water dis-
persed or semidispersed flow in horizontal pipes. Lovick and
Angeli5 and Ioannou et al.6 detected drag reduction and slip
ratio in dispersed and dual continuous flows. They do not
explain the drag reduction, but argue that the slip ratio could
be explained in the light of the momentum balance between
the separated phases. It could make sense for the dual con-
tinuous flow, but does not explain the slip ratio observed in
fully dispersed flow patterns. Lum et al.7 found that the two-
phase pressure gradient takes values below the single phase
water one in upward and downward pipe inclinations at high
mixture velocities and high oil fractions.

It is interesting to note that the drag reduction in oil-water
dispersed flow has been detected by a few researchers, but
the underlying physical mechanism behind the phenomenon
is still not well understood. Pal8 proposed a mechanism for
the modeling of DRP in turbulent oil-in-water and water-in-
oil dispersions. Based on the mixture effective rheological
aspects, the phenomenon in oil-water dispersions would be
caused by a significant reduction of the effective viscosity of
the dispersion when the flow regime passes from laminar to
turbulent. The author believes that the drag reduction
observed in turbulent flow is caused by the decrease of the
mixture effective viscosity and this in turn is caused by
the deformation of droplets of the dispersed phase and the
decrease of interfacial tension. According to the author,
the dispersion or emulsion would be a non-Newtonian fluid
and by modeling its rheology it would be possible to predict
the drag reduction.

The existence of a thin laminar film flow adjacent to the
pipe wall and surrounding a viscous phase has been the
explanation for very low frictional pressure gradients
observed in liquid–liquid pipe flow. In two-phase pipe flow
of immiscible liquids the core-annular flow pattern, in which

the thicker fluid is surrounded by the thinner one, is
commonly observed when the conditions are such that both
fluids form continuous and parallel phases. A very interest-
ing feature of this flow configuration is that the frictional
pressure drop is comparable or even lower to that of the sin-
gle-phase flow of the thinner fluid under equivalent flow
conditions—see, for example, Refs. 9 and 10. The pioneer
studies of Russel and Charles11 and Charles et al.12 for hori-
zontal pipes showed that this flow pattern occurs when the
two liquids have similar densities and relatively small
quantities of water are added. Ooms,13 Ooms et al.,14 and
Oliemans15 showed that for the existence of core-annular
flow the annulus must be thin and there must be asymmetric
interfacial waves. These authors proposed the ‘Lubrication
theory for core-annular flow.’ Joseph et al.16 and Feng
et al.17 studied the hydrodynamic stability of two immiscible
liquids flowing in a pipe, showing that the more viscous
fluid must occupy most of the pipe’s cross-section and that
asymmetric interfacial waves would be responsible for the
levitation of the core phase. The inclusion of the inertial
terms characterized the Levitation theory for core-annular
flow. Bai,18 Bai et al.,19 and Bai and Joseph20 carried out
experimental works and numerical simulations for upward
vertical core-annular flow and presented results on two-phase
pressure drop and interface shape. Rodriguez and Bannwart21,22

offered detailed experimental data and proposed an analytical
solution for the interfacial waves in upward-vertical core-annu-
lar flow. Recently, Rodriguez et al.23 proposed a more refined
pressure-loss model for core-annular flow, including a slip ratio
term that implicitly accounts for the buoyancy of the oil core,
and Rodriguez and Bannwart,24 using the 1-D two-fluid model,
showed that the prediction of flow-pattern transition can be
significantly improved if new critical wave numbers are incor-
porated in the transition criteria.

In that context, one may notice that the experimental
investigation of liquid–liquid flows, especially oil-water
flow, is growing because of the industrial relevance. How-
ever, more research into the physics of liquid–liquid flow is
necessary. As a consequence, a considerable number of dif-
ferent measurement techniques for liquid–liquid flows have
been proposed. Electrical capacitance tomography is of great
interest because it is low cost, noninvasive and nonintrusive
and can achieve good temporal resolution; however, it offers
low spatial resolution due to the intrinsic limitation of the
soft-field method and the nonlinear relationship between
electrical measurements and the permittivity of the measured
material.25,26 On the other hand, hard-field methods as single
or multibeam gamma-ray densitometry offer good spatial
resolution and are also noninvasive and nonintrusive, but are
expensive, radioactive and have poor temporal resolution
due to the relatively long counting times required for the sta-
tistics.27–29 Optical techniques as laser Doppler anemometry
or particle image velocimetry (PIV) are nonintrusive and
non invasive and have high spatial and temporal resolutions,
but are relatively expensive and require a transparent
medium and a transparent pipe material, which practically
limits the methods to the laboratory environment.30 Attempts
to combine in a single measurement technique high temporal
and spatial resolutions, field application, safety and low cost
is in order.

The wire-mesh sensor based on conductivity measure-
ments, introduced about 10 years ago by Prasser et al.31 is a
hybrid method in the sense that it combines intrusive local
measurement of phase fraction and tomographic cross-
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sectional imaging with good spatial resolution (up to 1 mm)
and high temporal resolution. In this study we used the wire-
mesh sensor based on measurements of electrical permittiv-
ity (capacitance) that has been recently developed by Da
Silva.32 The permittivity measurements overcame the limita-
tion of the wire-mesh sensor for investigating flows involv-
ing nonconducting fluids, such as oil-air flow. The disadvant-
age of being invasive is in part compensated by a better spa-
tial resolution, the high temporal resolution, low cost and
simplicity when compared with other tomography systems.
Rodriguez et al.33 applied for the first time the capacitive
wire-mesh sensor for the study of viscous oil-water flow and
showed that for a flow dominated by turbulence it can be an
accurate and reliable tool.

The drag reduction effect has been reported by few
researchers in low viscosity oil-water dispersed flow. Never-
theless, the physical mechanism, to the authors’ knowledge,
has never been properly explained. Therefore, the main aim
of this article is the proposition of a phenomenology for
explaining drag reduction in a flow situation where slip ratio
is significant. New data on dispersed viscous oil-water flow
were collected to supplement the scanty information
available in the literature. Based on experimental evidence
provided by a novel capacitive wire-mesh sensor, a phenom-
enological model is proposed. This article is structured as
follows: the ‘Experimental work’ section describes the
experimental device, instrumentation, and measurement tech-
niques; the ‘Experimental Results and Discussion’ section
shows the experimental results, pressure gradient, friction
factor, volume fractions, and phase distribution; the ‘Model-
ing’ section describes the model, and in the ‘Results’ section
the predictions are discussed. The ‘Conclusion’ section sum-
marizes the main results.

Experimental Work

Experimental set-up

The experiments reported in this article were performed in
the Thermal-Fluids Engineering Laboratory of the Engineer-
ing School of São Carlos, University of São Paulo. The mul-
tiphase-flow loop is shown schematically in Figure 1. The
main instruments of the facility are described in Table 1.
The test section consists of a glass line of 26-mm-i.d. and
12-m-length. A by-pass line allowed the usage of the quick-
closing-valve (QCV) technique to measure the in situ vol-
ume fraction of the phases. The test fluids, water and oil
(860 kg/m3 of density and 100 mPa s of viscosity) were kept
in polyethylene tanks, (RW) and (RO), respectively. Positive
displacement water and oil pumps (BW and BO, respec-
tively), both remotely controlled by their respective variable-
frequency drivers, pumped the phases to the test line.
Oil and water joined at the beginning of the test section via
a Y-junction. Positive displacement and vortex flow meters
(FO1, FO2, FW1, FW2) were used to measure the flow rates
of the fluids. After the test section the oil-water mixture
flows to a coalescent-plate liquids separator tank (SLL),
where gravitational separation of the two liquids is obtained.
Once separated, oil and water return to their respective
storage tanks, (RO) and (RW).

The dispersed flow was identified by visual observation
using a high-speed video camera (Optronis, Camrecord 600).
A projected lateral view of the flow was recorded through a
Perspex visualization section located at 10.3 m from the tube
entrance (Figure 2c). The recording speed was 2000 frames
per second.

In situ phase volume fractions were obtained from the
QCVs with an experimental uncertainty ranging from
�0.88% to �2.58%.33 The valves were placed at each end
of the glass pipe, with a trapped liquid volume of 6400 ml.
Moreover, the data of oil volume fraction from the QCVs
was compared with those obtained using the wire-mesh sen-
sor based in capacitance measurements, showing an average
relative error for all conditions of 16.3%.

The prototype of the wire-mesh sensor was also used to
obtain phase-fraction distribution diagrams and cross-
sectional images of the flow. The prototype consisted of two
cross-sectional planes made of eight stainless steel wires of
0.12-mm diameter evenly distributed over the 26.2-mm pipe
diameter, 3 mm of wire separation on each cross-sectional
plane, which also determines the spatial resolution of the
instrument, and 1 mm of axial plane separation (Figure 2a).

Figure 1. Schematic view of the multiphase flow loop.

Table 1. Main Instruments and Equipment of the Facility

Water variable-frequency driver (WVFP) FO1—oil high flow meter
Oil variable-frequency driver (OVFP) FO2—oil low flow meter

FW1—water high flow meter
FW2—water low flow meter

Quick closing valve Control valve

Differential pressure transducer BW—water pump
BO—oil pump

SLL Coalescent-plates liquid–liquid separator Drainage valve

MGL Multiphase mixer RW Water tank
RO Oil tank SGL Gas-liquid separator tank
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The sensor was installed at the end to the horizontal test sec-
tion (10.3 m from the tube entrance) in between the two
halves of the Perspex visualization section. Therefore, it was
also possible to observe the effect of the wire-mesh sensor
over the flow patterns (Figures 2b, c). The time resolution of
the prototype was 500 frames per second. Details about the
wire-mesh data processing and principle are described in Da
Silva32 and Rodriguez et al.33

The pressure drop was measured in the horizontal glass
pipe by a previously calibrated differential pressure trans-
ducer (SMAR LD301D) with pressure taps located on the
test section at 2.8 and 8.9 m from the pipe inlet, respec-
tively. The temperature of the pipe was monitored during the
experiments with a thermocouple. The temperature of the oil
was taken into account to evaluate the variation of oil vis-
cosity.

The full set of experimental points is formed by 64 points
(a point means a pair of oil and water superficial velocities).
Measurements were made for mixture velocities from 0.9 to
4.0 m/s and for oil cuts from 10 to 70%. The entire set of
experimental data was used to obtain the pressure drop data.
Nevertheless, a set formed by 32 points was used for meas-
urements with the wire-mesh sensor.

Pressure drop measurements

The pressure drop was recorded for a wide range of oil
and water flow rates within the region of the flow map pre-
dicted as dispersion of oil in water28 as an attempt to cover
the range of occurrence of the DRP. Pressure gradients for
the two-phase flow and pressure gradients for related single-
phase water flow were collected. The factor used to deter-
mine the occurrence of the phenomenon was the ratio
between the measured two-phase flow pressure gradient and
the measured related single-phase water pressure gradient.
The latter refers to the pressure gradient measured in single-
phase water flow at the same mixture velocity. This ratio
was defined as DRP factor

DRP ¼
� dp

dx

8: 9;
m

� dp
dx

8: 9;
w

(1)

where (dp/dx)m and (dp/dx)w represent the two-phase and
single-phase water pressure gradients, respectively. Note that
if the mixture pressure gradient is lower than that of water
flowing alone in the pipe at the same mixture velocity the DRP
factor is \1, which indicates drag reduction.

Experimental Results and Discussions

In Table 2 one can see all the collected experimental data.
It contains the slip ratio s, the pressure gradient of the mix-
ture (dp/dx)m, the pressure gradient of water flowing at mix-
ture velocity (dp/dx)w, the water and oil superficial veloc-
ities, respectively (Uws, Uos), the oil in situ volume fractions
(holdup) measured by the QCV technique (eo) and the flow
pattern. The analysis of the wire-mesh data together with the
recorded movies allowed the identification of three different
flow patterns: a homogeneous dispersion of oil in water (o/w
H), a nonhomogeneous dispersion of oil in water (o/w NH)
and a dispersion of oil in water and water in oil (Do/w &
Dw/o). The o/w H and o/w NH flow patterns were always
water dominated. According to the phase-inversion model of
Brauner and Ullmann34 and for our flow conditions, an oil
superficial velocity of at least 5 m/s would be necessary for
reaching the predicted phase-inversion boundary. Our maxi-
mum oil superficial velocity was of 1 m/s. In addition, the
movies (recorded at 2000 fps) always showed oil droplets
dispersed in water. The wire-mesh gave the same indication.
More details regarding the flow patterns can be seen in
Rodriguez et al.33 Note that (dp/dx)w is higher than (dp/dx)m

(DRP factor \1) for all data, except for three conditions at
the highest superficial water velocity of 3 m/s, namely those
for superficial oil velocities of 0.2, 0.5, and 1.0 m/s. Also
one can see that the slip ratio is [1 (from 1.03 to 1.20) for
all data. It was obtained by the expression s ¼ (ew/eo)/(Cw/
Co) ¼ Vo/Vw, where eo and ew are the experimental in situ
volume fractions, Co and Cw are the cuts and Vo and Vw are
the average velocities of oil and water, respectively. Accord-
ingly, s is [1 when oil is flowing faster, and, conversely, s
is \1 when water is flowing faster than oil. The results
show that oil is flowing between 3 and 20% faster than
water overall, which indicates that either the mixture is not
homogeneous or that phase separation occurs. An interesting
finding is that even the oil-in-water homogeneous dispersion
(o/w H) observed at high mixture Reynolds numbers (about
105) presented a slip ratio higher than 1, with oil flowing 8%
faster than water on average.

Pressure gradient

Two-phase pressure gradient data normalized with respect
to the equivalent single-phase water pressure gradient (pres-
sure gradient at the same mixture velocity) given by the
DRP factor is shown in Figure 3 as a function of the oil
superficial velocity for water superficial velocities of 1.0,

Figure 2. Wire-mesh used in this study (a) Prototype of the sensor; (b) sensor installed at the test section; (c) visu-
alization section.
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1.5, 2.0, 2.5, and 3.0 m/s. The measurements were made for
input oil fractions (oil cut) varying from 10 to 40%.

In Figure 3, the dashed line indicates Do/w & Dw/o and
solid lines indicate o/w H and o/w NH. DRP-factor values
\1 were observed at water superficial velocities ranging
from 1 to 2.5 m/s, which indicates a decrease in two-phase
pressure gradient in comparison with related single-phase
water values. In addition, they tend to converge to the value
of about 0.9 with increasing the oil superficial velocity.
However, the same behavior was not observed at the highest
water velocity (3 m/s). A maximum drag reduction of up to
25% was detected (Uws ¼ 1 m/s) and on average it was of
0.93%. The experimental uncertainties of the measured two-
phase and related single-phase water pressure gradients were
estimated to be ranged from �0.21% to �1.28% and from
�0.2% to �1.72%, respectively.33

Friction factor and effective viscosity estimates

The homogeneous model35 is commonly used for dis-
persed flows to predict the frictional pressure gradient. In
such model the two-phase flow is treated as a mixture that is
considered as a single fluid with averaged physical properties
and the assumption of no-slip is assumed. Thus, the mixture
density, qm, is given by

qm ¼ qoCo þ ð1 � CoÞqw (2)

in which

Co ¼ Uos

Uws þ Uos

(3)

where Co is the oil cut, qw and qo and Uws and Uos are water
and oil densities and superficial velocities, respectively. It is
important to note that in the homogeneous no-slip model the
oil cut is equal to the oil in situ volume fraction.

Provided the flow is fully dispersed, the mixture friction
factor is given by

fm ¼ � dp

dx

8>:
9>;

m

2D

qmU2
ms

(4)

where (dp/dx)m is the mixture pressure gradient, Ums is the
mixture velocity (Ums ¼ Uws þ Uos) and D is the pipe’s
internal diameter. Similarly, single-phase water friction factor
was predicted by

Figure 3. DRP factor against oil superficial velocity at
different water superficial velocities.

Table 2. Experimental Data

Run Uws (m/s) Uos (m/s) Oil Holdup, eo (QCV) Flow Pattern Slip Ratio, s �(dp/dx)m (Pa/m) -(dp/dx)w (Pa/m)

9 3.0 0.2 0.0593 Do/w H 1.06 3862 3477
10 3.0 0.5 0.1359 Do/w H 1.06 4444 4013
52 3.0 0.8 0.2008 Do/w H 1.06 4597 4703
11 3.0 1 0.2339 Do/w H 1.09 5405 5085
43 2.5 0.2 0.0711 Do/w H 1.05 2480 2598
44 2.5 0.3 0.1015 Do/w H 1.06 2610 2734
45 2.5 0.4 0.1292 Do/w H 1.08 2781 2898
46 2.5 0.5 0.1542 Do/w H 1.10 2925 3079
47 2.5 0.6 0.1891 Do/w H 1.03 3080 3265
48 2.5 0.7 0.2016 Do/w H 1.11 3224 3477
49 2.5 0.8 0.226 Do/w H 1.10 3384 3664
50 2.5 0.9 0.2499 Do/w H 1.08 3536 3838
51 2.5 1 0.2729 Do/w H 1.07 3687 4013
29 2.0 0.3 0.1162 Do/w H 1.14 1993 2003
30 2.0 0.4 0.15 Do/w H 1.13 2114 2166
31 2.0 0.6 0.2124 Do/w H 1.11 2311 2469
32 2.0 0.7 0.2411 Do/w H 1.10 2407 2598
33 2.0 0.8 0.2687 Do/w H 1.09 2533 2734
34 2.0 0.9 0.2953 Do/w H 1.07 2656 2898
41 1.5 0.3 0.1602 Do/w NH 1.05 1167 1351
40 1.5 0.4 0.1988 Do/w NH 1.07 1281 1470
39 1.5 0.5 0.2319 Do/w NH 1.10 1439 1591
38 1.5 0.6 0.2609 Do/w NH 1.13 1562 1716
37 1.5 0.7 0.288 Do/w NH 1.15 1694 1818
36 1.5 0.8 0.312 Do/w NH 1.18 1818 2003
35 1.5 0.9 0.3333 Do/w NH 1.20 1922 2166
21 1.0 0.3 0.2188 Do/W & Dw/o 1.07 636 852
22 1.0 0.4 0.2692 Do/W & Dw/o 1.09 803 958
23 1.0 0.5 0.3123 Do/W & Dw/o 1.10 843 1098
24 1.0 0.6 0.3492 Do/W & Dw/o 1.12 975 1131
25 1.0 0.7 0.3813 Do/W & Dw/o 1.14 1089 1236
26 1.0 0.8 0.4091 Do/W & Dw/o 1.16 1220 1351
28 1.0 0.9 0.4335 Do/W & Dw/o 1.18 1352 1470
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fw ¼ � dp

dx

8>:
9>;

w

2D

qwV2
(5)

where (dp/dx)w stands for single-phase water pressure
gradient, V is the water mean velocity. Note that for each
experimental point V ¼ Ums.

In dispersed flow, making predictions of pressure gradient
asks for the validation of an effective viscosity model. The
effective viscosity of the mixture, lm, is needed for calculat-
ing the mixture Reynolds number

Rem ¼ qmUmsD=lm (6)

and can be estimated by using the measured pressure
gradients.36 In the present study, friction factor correlations
of single-phase flow have been applied for the oil-water
dispersed flow. The mixture friction factor, fm, is given by
Blasius relation for a smooth tube, fm ¼ b.Rem

�n, where the
parameters b and n are assumed to be b ¼ 0.3164 and n ¼ 0.25
for Rem \ 105 and b ¼ 0.184 and n ¼ 0.2 for Rem [ 105.35

Based on that, the effective viscosity can be determined by
solving Eq. 4 with Blasius relation for each measurement. The
results are shown in Figures 4 and 5. The experimental mixture
and related single-phase water friction factors were plotted
against the mixture Reynolds number for four different oil
fractions (Figure 4). The mixture Reynolds numbers ranged
from 30,000 to 120,000. At the highest oil volume fraction
(70%) the mixture friction factor was higher than that of
single-phase water flow (Figure 4a). At 60% of oil fraction
(Figure 4b) a trend of crossing between the lines is observed.
At lower oil volume fractions, 20 and 40% (Figures 4c, d), the
single-phase water friction factor is higher than the mixture
friction factor. These results also show that in dispersions of
oil in water the drag reduction occurs at low oil fractions.

The effective viscosity results are displayed in Figure 5.
The mixture viscosity was found to be lower than the water
viscosity (0.001 Pa s) for water cuts higher than 50%. These

results suggest once more the occurrence of a drag reduction
in oil-in-water dispersed flow at low oil fractions.

Volume fraction and phase distribution

A comparison between the oil volume fraction measured
by the QCVs and that predicted by the homogeneous model
showed that the model overestimates the experimental data.
The oil fraction predicted by the homogenous model was
always higher than that measured by the QCVs, which indi-
cates that the oil is the flowing fastest phase and the no-slip
condition is not satisfied. The average relative deviation
between data and predictions of the homogeneous model was
of 7.78%. The experimental uncertainty of the oil fraction
measured by the QCVs was estimated to be ranged from
�0.88% and �2.58%. Also, two permittivity models were
applied to measure the oil fraction using the wire-mesh sensor.
The results were compared with the oil volume fraction data
measured by the QCVs and quite good agreement was

Figure 4. Mixture and related water friction factors against mixture Reynolds number for different oil cuts.

Figure 5. Mixture viscosity against water cut.
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observed. The average relative error of the oil fraction meas-
ured by the Maxwell-Garnett model and Logarithmic model in
comparison to that measured by the QCVs was of 16.3% and
5.8%, respectively (for details see Rodriguez et al.33).

Oil fraction distributions obtained by the wire-mesh sensor
are shown in Figures 6 and 7 for three typical experimental
points corresponding to the three flow patterns observed
at the flow conditions investigated: o/w H (Uws ¼ 2.5 m/s,
Uos ¼ 0.8 m/s), o/w NH (Uws ¼ 1.5 m/s, Uos ¼ 0.8 m/s),
and Do/w & Dw/o (Uws ¼ 1.0 m/s, Uos ¼ 0.8 m/s). Chordal
oil fraction distributions were obtained for each condition by
averaging the local oil fractions in time and in vertical or
horizontal chords over the cross-section. Vertical and
horizontal chordal oil fraction distributions can be seen in
Figures 6 and 7, respectively. In Figure 6, the phase distribu-
tion data indicate that even the homogeneous dispersion
of oil in water (o/w H), where the oil should be evenly
dispersed over the cross-section, presents a decrease of oil
fraction near to the pipe wall.

For the dual continuous flow (Do/w & Dw/o), where both
phases form continuous layers separated by a turbulent inter-
face, one would expect the less dense phase (oil) to occupy
the top of the pipe, i.e., it is not expected to exist any frac-
tion of water at the top of the pipe. However, in Figure 7 at
about distance �10 mm from the pipe centerline the trend
change suggests the presence of water at the top of the pipe,

even for the Do/w & Dw/o. Figures 6 and 7 suggest the
existence of an amount of water near to the pipe wall for all
flow patterns. Notice that Figures 6 and 7 are important only
for inquiring the trend of the local oil fraction distribution,
which is not affected by slight changes in the values of
the time-averaged oil fraction. Hence, error bars are not
considered necessary in Figures 6 and 7.

In Figure 8 one can see the cross-sectional phase distribu-
tion diagram also obtained by the wire-mesh sensor. At the
lowest water superficial velocity, where Dual Continuous
flow was observed (Figure 8c), the topmost layer seems to
have a significant fraction of water. At intermediate water
superficial velocity, Nonhomogeneous dispersion was seen
and a similar trend was observed, but in this case oil and
water are not forming an interface (Figure 8b). At the high-
est water superficial velocity (Figure 8a), an increase of the
water fraction at the top of the pipe is still noted even
though the phase distribution is practically uniform at this
flow conditions.

One may argue that the wire-mesh delivers only qualita-
tive results. On the other hand, the measurements have
shown with a good degree of certainty that at about 5 mm
from the pipe wall there was a significant increase of the
water fraction, even at the top of the pipe (Figures 6–8). The

Figure 6. Vertical chordal time-averaged oil fraction
distribution going from left to right over the
pipe’s cross section for the three flow pat-
terns observed.

o/w H (Uws ¼ 2.5 m/s, Uos ¼ 0.8 m/s), o/w NH (Uws ¼ 1.5

m/s, Uos ¼ 0.8 m/s), and Do/w & Dw/o (Uws ¼ 1.0 m/s,

Uos ¼ 0.8 m/s).

Figure 7. Horizontal chordal time-averaged oil fraction
distribution going from top to bottom over
the pipe’s cross section for the three flow
patterns observed.

o/w H (Uws ¼ 2.5 m/s, Uos ¼ 0.8 m/s), o/w NH (Uws ¼ 1.5

m/s, Uos ¼ 0.8 m/s), and Do/w & Dw/o (Uws ¼ 1.0 m/s,

Uos ¼ 0.8 m/s). (negative distances: above the pipe center-

line; positive distances: below the pipe centerline).

Figure 8. Cross sectional images obtained with the capacitance wire-mesh sensor: (a) o/w H (Uws 5 2.5 m/s, Uos 5
0.9 m/s); (b) o/w NH (Uws 5 1.5 m/s, Uos 5 0.9 m/s); (c) Do/w & Dw/o (Uws 5 1.0 m/s, Uos 5 0.9 m/s).
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data suggest that a thin water film is probably surrounding a
mixture of oil in water in the dispersed flow investigated in
this study. The water film might be related to the physical
mechanism of drag reduction in fully dispersed flow at high
mixture Reynolds numbers. More details concerning the vol-
ume fraction results can be seen in Rodriguez et al.33

Modeling

Considering the literature, one may expect that the two-
phase dispersed flow at high mixture velocities and Reynolds
numbers (30,000 \ Rem \ 120,000) should behave as a
homogeneous no-slip mixture. However, results show signifi-
cant slip ratio between the phases in the dispersed flow stud-
ied. The slip ratio, s, is defined as

s ¼
ew

eo

Cw

Co

¼ Vo

Vw

(7)

where eo and ew stand for in situ volume fractions, Vo and Vw

in situ velocities and Co and Cw the cuts of oil and water,
respectively. The oil and water cuts can be also denoted by

Co ¼ Qo

Qw þ Qo

¼ Uos

Ums

(8)

Cw ¼ Qw

Qo þ Qw

¼ Uws

Ums

(9)

Where Qw and Qo are water and oil volume flow rates,
respectively.

Accordingly to Eq. 7, the slip ratio s is [1 when oil is
the fastest flowing phase. Slip ratio was found to be [1 for
all experimental points (Table 2), showing that oil is always
flowing faster than water, even in the homogeneous dis-
persed flow (o/w H). A possible explanation may be the
presence of a thin annular water film between the pipe wall
and the homogenous mixture of oil in water. This article
proposes a phenomenological model, analogous to the idea
of the core-annular flow model9,10,23,24 to explain the occur-
rence of the drag reduction detected in this study. In core-an-
nular flow the two-phase pressure gradient is usually of the
same order of that of the related single-phase water flow,
similarly to what was observed in the oil-water dispersed
flow investigated.

Film model

The model is based on the idea that there is a thin film of
water adjacent to the pipe wall surrounding an axisymmetric
core that is constituted of a homogeneous oil-water mixture.
Accordingly, the water fraction (ew) can be split into the
water-film fraction (ew,f) and fraction of water in the core
mixture (ew,m)

ew ¼ Uws

Vw

¼ ew;f þ ew;m ¼ Uws;f

Vw;f
þ Uws;m

Vw;m
(10)

where Uws,f and Uws,m are the superficial velocities and Vw,f

and Vw,m are the in situ velocities of the water film and water
in the core mixture, respectively. The oil fraction is defined as

eo ¼ Uos

Vo

(11)

and the water flow rate can be divided in

Qw ¼ Qw;f þ Qw;m ¼ Uws;fA þ Uws;mA ¼ UwsA (12)

where Qw,f and Qw,m are water-film flow rate and water flow
rate of the core mixture, respectively, and A is the cross-
sectional area of the pipe. Combining Eqs. 7–12, the slip ratio
becomes

s ¼
ew;fþew;m

eo

Cw

Co

¼ Uws;fVo

Vw;f Uws;f þ Uws;m

� �þ Uws;mVo

Vw;m Uws;f þ Uws;m

� �
(13)

At this point, some assumptions are needed:
1. The superficial water-film velocity is assumed to be

much lower than the superficial velocity of water of the core
mixture, i.e., Uws,f \\ Uws,m; so, Uws,m tends to the superfi-
cial velocity of water, Uws.

2. Due to the no-slip boundary condition at the pipe
wall, the in situ water-film velocity (Vw,f) is expected to be
lower than the in situ velocity of water in the core mixture
(Vw,m); therefore, Vo [ Vw. Notice that slip ratio (Eq. 7 and
Table 2) is a function of the in situ water velocity (Vw),
which in turn is a function of the water-film velocity and
velocity of water in the core mixture.

3. The in situ velocity of water in the core mixture,
Vw,m, is assumed to be equal to the in situ velocity of oil,
Vo. In other words, it is assumed that the oil-water core
mixture flows as a homogeneous no-slip mixture uniformly
distributed over the cross-section of the pipe (excluding the
annular section occupied by the water film); a turbulent flow
of high-intensity turbulence would justify the assumption.
Hence, the second term of the RHS of Eq. 13 tends to 1.

Therefore, the following expression for slip ratio is sug-
gested

s ¼ Vo

Vw;f

Qw;f

Qw

8>>:
9>>;þ 1 (14)

where s is a function of two unknowns parameters, Vw,f and
Qw,f , i.e., s ¼ s (Vw,f, Qw,f).

The proposed film model presupposes the existence of a

laminar flow of an annular water film, which would explain

both the detected drag reduction and the measured slip ratio.

To estimate the water-film thickness a few additional

assumptions are needed:
4. The water-film thickness is assumed to be very thin;

then, the radial velocity component is equal to zero.
5. The azimuthal velocity component is equal to zero;

hypothesis of axisymmetry.
These assumptions are similar to those adopted for core-

annular flow.10 Accordingly, the water-film velocity profile
can be expressed as

uw;fðrÞ ¼
�ðdp=dxÞm

4lw

ðR2 � r2Þ þ qwgz

4lw

ðR2 � r2Þ

þ ðqm � qwÞgz
R2

2

2lw

ln
R

r

8>:
9>; ð15Þ

where (dp/dx)m is the mixture pressure gradient (Eq. 4), r is the
radial coordinate, R2 is the radius of the oil-water mixture, R is
the radius of the pipe, qw is the water density, qm is the
mixture density (Eq. 2), lw is the water viscosity (see ‘Friction
factor and effective viscosity estimates’ section) and gz is the
gravity component in the axial direction (gz ¼ g sin y and y is
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the inclination angle from the horizontal).
Equation 15 is numerically solved with the boundary con-

dition uw,f (R2) ¼ Vo and the data of (dp/dx)m (Table 2) to
obtain the radius of the oil-water mixture, R2. Figure 9
shows the water-film velocity profile (Eq. 15) normalized
with respect to the in situ oil velocity as a function of the
radial coordinate normalized by the pipe diameter. The
water-film velocity reaches the velocity of the homogeneous
mixture, Vo, at approximately r/D ¼ 0.496 for Uws,f ¼
0.03 m/s and (Uos þ Uws,m) ¼ 3.17 m/s.

The water-film flow rate is then obtained by replacing the
known value of R2 in the following equation

Qw;f ¼
ZR

R2

uw;fðrÞ2prdr (16)

Finally, the water-film velocity is calculated by

Vw;f ¼
Qw;f

pðR2 � R2
2Þ

(17)

Equation 14 can then be applied for obtaining the theoretical
slip ratio. A comparison between slip-ratio data and model
predictions can be seen in Figure 10.

The data of Rodriguez and Oliemans28 corresponding to
dispersed flow can also be seen in Figure 10. Those authors
used 82.8-mm-i.d. 15.5 m length steel pipe, oil (viscosity of
7.5 mPa s and density of 830 kg/m3) and brine (viscosity of
0.8 mPa s and density of 1060 kg/m3) as test fluids. The pre-
dicted values of slip ratio agree quite well with experimental
data for both data sets, with a maximum deviation of about
10%. Qualitatively, there is a slight underestimation at
higher values of slip. Considering the simplicity of the pro-
posed model, the results are promising and corroborate the
hypothesis of the existence of a laminar water film.

In addition, the water-film Reynolds number is defined as

Ref ¼
qwVw;fð2eÞ

lw

(18)

where the water film thickness is defined as e ¼ R � R2.

Mixture laminar sublayer

An analogy with single-phase turbulent pipe flow is
adopted to define the effective laminar sublayer of a homo-

geneous two-phase mixture. The shear stress at the wall, sw,
is calculated as a function of the two-phase pressure gradient

sw ¼ � R

2

8>:
9>; @p

@x

8>:
9>;

m

(19)

The mixture friction velocity is calculated as

Vfrict;m ¼ sw

qm

8>>:
9>>;

1
�

2

(20)

and the thickness of the effective mixture laminar sublayer is
given by

dsub;m ¼
5

lw

qm

8: 9;
Vfrict;m

(21)

Note that for water cuts higher that 40% (Cw [ 0.40) the
effective viscosity of the dispersion of oil in water can be
assumed to be equal to the viscosity of pure water (see Figure
5 and Guet et al.36).

Results

The computed water-film thickness ranged from 0.12 to
0.33 mm. The water-film thickness normalized with respect to
the mixture laminar sublayer thickness can be seen as a func-
tion of slip ratio in Figure 11. It is not observed significant
variation of the dimensionless water-film thickness for all flow
patterns observed by Rodriguez et al.,33 a slight trend of
increasing with slip ratio may be inferred. The water-film is
four to five times as thick as the mixture laminar sublayer.

Figure 12 shows the dimensionless water-film thickness as
a function of the water-film Reynolds number (Eq. 18).
There is clearly a linear relation between the dimensionless
water-film thickness and the Reynolds number of the water
film for all flow patterns observed by Rodriguez et al.33 It
increases with increasing the Reynolds number. The rela-
tively low Reynolds numbers suggest that the water-film
flow is in laminar regime, in accordance with the proposed
model. For instance, in core-annular flow the critical Reyn-
olds number is around 1500 (Joseph and Renardy10).

Figure 9. Dimensionless water-film velocity profile as a
function of the radial coordinate.

Figure 10. Comparison between the slip-ratio data,
sexp, and predictions of the present model, s
(Eq. 14).
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The DRP factor can be observed as a function of the water-
film Reynolds number for all experimental points in Figure
13. The data of Rodriguez and Oliemans28 can also be seen in
Figure 13. It can be noticed that the DRP tends to be lower
with increasing the water-film Reynolds number. Inspection of
Figures 12 and 13 suggests that an increase of the dimension-
less water-film thickness leads to stronger drag reduction. An
increase of the water-film thickness represents an increase of
the cross-sectional area for the water-film flow, which in turn
leads to lower wall shear stress (refer to Figure 9).

Overall, the results suggest that the presence of a laminar
water film surrounding a turbulent core of mixture of oil in
water could explain the drag reduction and slip ratio measured
in this study. The phenomenological model, off course, is
based on some important simplifications. The most important
is the idea that the core of oil-water dispersion is axisymmet-
ric. Although one can argue that the studied flows are domi-
nated by turbulence (30,000 \ Rem \ 120,000) this is not
absolutely true, as can be seen in Figures 6–8. Therefore, the
predicted water-film thickness is actually an axisymmetric
equivalent of the average water film thickness. The model
would perhaps be more suitable to vertical flow.

Conclusions

New two-phase pressure gradient, volume fraction and
phase distribution data have been used for the study of DRP in
dispersed viscous oil-water flow. A measured reduction of up
to 25% of two-phase pressure gradient with respect to single-
phase water pressure-gradient at the same mixture velocity
confirmed the occurrence of the phenomenon. Mixture friction
factor and effective mixture viscosity were also important
indicators of the occurrence of drag reduction. The results sug-
gest that it occurs at high mixture Reynolds numbers (30,000
\ Rem \ 120,000) and for oil fractions between 10 and 45%.
Phase distribution diagrams that were obtained via capacitive
wire-mesh sensing showed the presence of a higher amount of
water near to the pipe wall. Based on experimental evidence, a
phenomenology is proposed to explain drag reduction in dis-
persed oil-water pipe flow. It is suggested that a laminar flow
of a thin water film surrounding a turbulent flow of a core of
oil-water dispersion would explain both the drag reduction
and the significant slip ratio observed.

A simple phenomenological model based on the laminar
water-film hypothesis (Perfect Core-Annular Flow model) is
proposed and used to numerically compute the water-film
thickness. A new expression for slip ratio based on the film
model was deduced and its predictions agreed quite well with
the data obtained in this study and also from the literature
(maximum deviation of 10%). An analogy with single-phase
turbulent pipe flow was adopted to define the effective laminar
sublayer of a homogeneous mixture. According to the model,
the predicted water-film thickness would be an axisymmetric
equivalent of the average laminar water-film thickness. The
water film is four to five times as thick as the mixture laminar
sublayer, which suggests that it could be acting as a lubricating
film. There is a linear relation between the dimensionless
water-film thickness and the water-film Reynolds number. It
increases with increasing the Reynolds number. The relatively
low water-film Reynolds numbers (400 \ Ref \ 600) suggest
that the water-film flow is in laminar regime, in accordance
with the proposed model. According to the model, an increase
of the water-film thickness leads to stronger drag reduction,
which can be explained by an increase of the cross-sectional
area for the water-film flow, which in turn leads to lower wall
shear stress.

Figure 12. Dimensionless water-film thickness as a
function of the water-film Reynolds number.

Figure 13. DRP factor as a function of the water-film
Reynolds number; solid line represents linear
fit of data.

Figure 11. Dimensionless water-film thickness as a
function of slip ratio.

AIChE Journal September 2012 Vol. 58, No. 9 Published on behalf of the AIChE DOI 10.1002/aic 2909



The complexity of the DRP is clearly a ripe field for further
investigation. The study should be enhanced by the obtaining
of more detailed experimental data on oil-water dispersed
flow and taking into account the role of the pipe material and
especially wetting properties. The development of experimen-
tal techniques aiming to the detailed characterization of the
water film, as measurement of its thickness, velocity profiles
in the cross-section, in the water film and core, measurements
with high spatial and temporal resolutions of phase distribu-
tion adjacent to the pipe wall, is of major importance for any
subsequent analysis, although it is not trivial. Measurements
with single-beam gamma densitometry and micro-PIV are a
suggestion. The dynamics that lead to the topological arrange-
ment of a core mixture surrounded by a water film of course
need yet to be explained. Further theoretical investigation on
the hydrodynamic stability of such flow pattern is in order.
Nevertheless, the measurements carried out and data offered
in this article represent a step forward and support the attempt
of explaining the drag-reduction phenomenon in dispersed
flows with significant slip ratio.
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