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An experimental study has been made of oil-water core-annular flow in a horizontal pipe with special
attention for the influence of the oil viscosity on the pressure drop. For that purpose a heating system has
been installed and configured that is able to control the oil temperature, such that the oil viscosity could
be varied between 3000 cSt at 20 �C and 400 cSt at 50 �C. The oil flow rate was kept at a constant value of
0.35 l/s, whereas the watercut was varied between 9% and 25%. The measured pressure drop is scaled
with the calculated pressure drop of only oil flowing at the same flow rate and viscosity.

The main conclusion is that for a large oil viscosity the scaled pressure drop is almost independent of
the watercut, whereas with decreasing viscosity the scaled pressure drop becomes strongly dependent
on the watercut. Visualisation of the oil-water interface shows a more irregular wave shape with smaller
wave lengths when the viscosity is decreased. There is very good agreement between the predictions of
the model of Ullmann & Brauner for the scaled pressure drop and the measurements.

© 2019 Southwest Petroleum University. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The flow of a core with high-viscosity liquid surrounded by an
annulus of low-viscosity liquid is studied through a horizontal pipe.
Much attention has been paid in the literature to this type of core-
annular flow. Joseph and Renardy [1] have written a book about it.
There are several review articles, see for instance Oliemans and
Ooms [2] and Joseph et al. [3]. An early publication was by Charles
et al. [4]. Studies were published about the stability of core-annular
flow and about the transition to other types of flow pattern. Other
publications deal with the pressure drop along the pipe and with
the hold-up. Many studies deal with the development of waves at
the interface between the high and low viscosity liquids. Other
review articles on core-annular flow include Ghosh et al. [5] and, as
nkes).
troleum University.
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appeared more recently, Shi and Yeung [6].
The present study is focused on the influence of the oil viscosity

on core-annular flow. For that purpose we have built an experi-
mental set-up, inwhich experimentswith a very viscous oil andwith
tapwaterwere carried out in a horizontal pipe. A heating systemwas
installed and configured that is able to control the oil temperature,
such that the oil viscosity could be varied. The oil flow rate was kept
fixed at a value of 0.35 l/s, whereas the watercut was varied between
9% and 25%. Grassi et al. [7] performed experiments for oil-water
flows in a set-up with a similar inner pipe diameter of 21mm and
with comparable oil properties, but they used different types of oil
(for a single temperature, namely the room temperature). Based on
their produced flow map, we can conclude that our operating con-
ditions are in the stable region of the core-annular flow regime and
thus not near a boundary of transition to another flow regime. In the
present study a single type of viscous oil is used, for which the vis-
cosity is varied through varying the temperature.

The density of the oil was smaller than the water density, which
resulted in an upward buoyancy force on the oil core. This buoyancy
force caused the eccentricity of the oil core to be large and hence
the water layer at the bottom to be rather thick. Therefore, the flow
of water in the annulus at the bottom of the pipe was mostly
B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under
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turbulent. We checked this by injecting a dye and confirmed that
indeed the water flow is turbulent at that location. We have
measured the pressure drop as a function of the oil viscosity and as
function of the watercut. The wave shape was determined through
flow visualisationwith a high-speed camera. We also compared the
measured pressure drop with model predictions.
2. Experiments

2.1. Experimental setup

Figs. 1 and 2 show schematic overviews of the front side and
back side of the experimental set-up. The measurements were
carried out in a straight section of the PVC flow loop, which has a
diameter of 21mm. The diameter is constant through the loop. The
total length of the flow loop is about 7.5m and consists of different
parts connected to each other with re-attachable links. These pipe
sections are in downstream order: a 2m straight section, a bend
with a radius of 0.25m, a 3m straight section (the measurement
pipe), another bendwith a radius of 0.25m and a straight section of
0.25m. There is a divider at the inlet to the flow loop, which gen-
erates the core-annular flow. The divider has an inner pipe which is
concentrically placed within an outer pipe. Oil is entering the flow
loop via the inner pipe andwater via the annular space between the
two pipes. The oil pump and the water flow rate meter were cali-
brated to enable measuring the oil and water flow rates. Before the
inlet device a temperature sensor is placed to measure the oil
temperature. After the flow loop the oil-water flow is directed to
the separation vessel by a 5m hose with the same diameter as the
PVC pipes. In the separation vessel the oil-water mixture will
segregate in approximately 22 h and thereafter the oil can be
reused for further experiments. After an experiment the flow loop
is rinsed with hot water and a detergent through using a separate
rinsing system. Special care is taken for the 3m measurement pipe
which is fully cleaned internally tomaintain similar pipe conditions
for all experiments. The rising procedure is ended by flushing with
warm water only to remove any remaining detergent.

Anelectronic pressure transducerwas connected to twopoints of
Fig. 1. Schematic overview of the front side of the experimental set-up.
Item 1: Measurement pipe of the flow loop. Item 2: Divider.
the measurement pipe to determine the pressure gradient. The
pressure points were at the bottom of the pipe with the rather thick
water layer in order to reduce their fouling by the oil as much as
possible. The differential pressure transducer has a specified accu-
racy of 0.5% of the full span, which corresponds to 15 Pa in the pre-
sent configuration. A small electronic drift in the zero output value is
observed and is corrected for by taking a zeromeasurement prior to
each actual measurement. Special attention is paid to the alignment
of the pressure tubes to be flushedwith the pipewall; a small offset,
however, cannot completely be excluded. This reduces the accuracy
of the pressure drop measurement slightly. The volumetric water
flow rate is measured with a digital flow meter, which gives 1150
pulses per litre. Multiple calibration measurements result in an ac-
curacy of this device that iswithin 4%of the actualflowrate. Theflow
rate produced by the oil pump is set by a variable frequency drive
which is recorded during the measurements. The calibration of the
oil pump resulted in a volumetric oil flow rate within 1% accuracy.
The temperature of the oil entering the flow loop increases by 0.5 �C
during a typical experiment, which is caused by the oil pump. The
increase in temperature results in a decrease in oil viscosity. Espe-
cially at low temperatures, the dependency of the oil viscosity is
stronger and therefore results in larger deviations in the actual
condition. The sensors are connected to a data acquisition board
which is linked to a computer in order tomonitor and save the data.
The differential pressure transducer, oil flow rate and oil tempera-
ture are sampled at 100Hz, whereas the water flow rate is recorded
at 1 Hz. The typical experimental time of the settled core-annular
flow is around 65 s. The experiments were repeated several times
to check their reproducibility.

The (Newtonian) oil used for the experiments is Shell Morlina S2
B 680. As mentioned, a heating system was installed to control the
oil temperature. The dependency of the oil viscosity on the tem-
perature is determined by a rheometer of TA Instruments, type AR-
G2. The variation in oil kinematic viscosity used in the experiments
is from 3000 cSt (or 0.003m2/s) at 20 �C to 400 cSt (or 0.0004m2/s)
at 50 �C. The oil density roil, as measured with an Anton Paar
density meter, slightly decreases from 913 kg/m3 at 20 �C to 895 kg/
m3 at 50�. The interfacial tension was measured with a Krüss ring



Fig. 2. Schematic overview of the back side of the experimental set-up.
Item 3: Oil pump. Item 4: Oil container with a copper coil inside to heat up the oil. Item 5: Separation vessel for oil and water.

Fig. 3. Photograph of the box used for flow visualisation. A mirror is placed on top of
the box in order to capture the front/back of the water annulus simultaneously with
the top/bottom water layer.
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tensiometer, and its value is equal to s¼ 0.014 N/m at 20 �C; the
corresponding value of the E€otv€os number, defined as Eo ¼ (rwater-
roil)gD

2/s, is equal to 27 (note that g is the gravitational acceleration
and D is the pipe diameter).

The oil flow rate was kept at a value of 0.35 l/s (which corre-
sponds to a superficial oil velocity of 1.01m/s), whereas the
watercut is varied as 9%, 12%, 15%, 20% and 25% (corresponding to
superficial water velocities between 0.1m/s and 0.34m/s). Note
that the watercut is defined as follows:

watercut≡
Qwater

Qoil þ Qwater
; (1)

where Qoil and Qwater are the oil and water volumetric flowrates,
respectively.

Flow visualisation was realized with a Vision Researchhigh-
speed camera at a rate of 1000 fps with an exposure time of
80 ms? The camera has a 5 megapixel, 12-bit grey scale CMOS op-
tical chip. A LED light panel is placed under the imaging box and an
additional light source is placed near the imaging region to obtain
sufficiently illuminated images. A transparent box filled with water
was placed around the measurement pipe to improve the quality of
the recordings. This removed the distortions from the pipewall and
it also helped to focus the camera at the top and bottom parts of the
pipe, where the most interesting flow aspects of core-annular flow
occur. To capture the behaviour of the core in the horizontal plane,
i.e. at the front and back of the interface, a mirror was placed on top
of the imaging box. This enabled us to record a top and front view of
the core-annular flow interface simultaneously. A photograph of
this part of the setup is presented in Fig. 3. The change in optical
path lengths between the top and front view is corrected by placing
a box of water in the path of the top view. This was necessary to
reduce the focal depth of the camera.
2.2. Experimental results for the pressure drop

Ingen Housz et al. [8] carried out experiments in almost the
same experimental set-up. In our set-up an electronic pressure
transducer was used instead of an inverted U-tube manometer
applied by Ingen Housz et al. They used Morlina S4 B 680 as viscous
liquid with a density of 860 kg/m3 at room temperature. The oil in
our experiments has a slightly larger density of 913 kg/m3 (at
20 �C). For both oils, the viscosity as function of the temperature is
nearly identical. It is thus interesting to compare our results with
those of Ingen Housz et al. Their experiments were performed at



Fig. 4. Comparison of the current measurements for scaled pressure drop with those
of Ingen Housz et al. [6].
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certain selected values of the oil flow rate, Qoil, during which the
water flow rate was decreased (starting from a relatively large
watercut). Only experiments at room temperature were performed.
Our experiments were done in a similar way; however, now only
one oil flow rate is set, namely Qoil is 0.35 l/s, for which the oil
temperature and watercut were varied. Our results at room tem-
perature can directly be compared with the results of Ingen Housz
et al.: Fig. 4 shows both results for the scaled pressure drop as
function of the watercut. Note that the measured pressure drop for
core-annular flow is scaled by using the calculated pressure drop
when oil alone is flowing with the same flow rate and viscosity, see
equation (2).

Overall a similar trend is observed between the two sets of ex-
periments, where a minimum in the scaled pressure drop is found
at awatercut between 10% and 14%. In general, ourmeasured scaled
pressure drops are lower than those measured by Ingen Housz et al.
A first explanation for the difference is the oil viscosity at room
temperature. Comparison of the kinematic viscosity of the oil
(3050 cSt in our experiments versus 2910 cSt in the experiments by
Ingen Housz et al.) shows a slightly lower value as used by Ingen
Housz et al. As will be discussed later, decreasing the oil viscosity
will increase the scaled pressure drop dPCAF/dPoil. Since the oil vis-
cosity in our experiments is slightly larger, the value of the scaled
pressure drop is smaller. A second reason for the difference in the
scaled pressure drop is the density difference between oil and
water. Since our oil is denser, our density difference between oil
Fig. 5. Measured (non-scaled) pressure drop for core-annular flow as function of the
oil viscosity at different values of the watercut.
and water is smaller. Therefore, the upward buoyancy force on the
core is lower, which leads to a less eccentric oil core. The water
annulus at the bottom becomes thicker when the core is more
eccentric. The pressure points are located at the bottom of the pipe
and the measurement could be influenced by the thicker water
layer. Especially for a larger watercut (>18%) this effect becomes
more dominant, which might contribute to the deviation between
the two experimental data sets.

Fig. 5 presents all values of the measured (non-scaled) pressure
gradient, dP/dL, as a function of the oil kinematic viscosity, noil, for
different values of the watercut. The oil viscosity decreases with
increasing temperature; the viscosity varies between about
3000 cSt at 20 �C and about 400 cSt at 50 �C.

At the considered watercuts, there seems to be a trend that the
pressure gradient decreases with decreasing oil viscosity. At largest
considered watercut of 25% the pressure gradient is almost inde-
pendent of the oil viscosity.

For all oil viscosities, an increasing watercut gives an increase of
the scaled pressure gradient. This is due to the increase in the water
flow rate at constant oil flow rate, which results in a larger total
flow rate.

Fig. 6 gives an overview of all values of the measured scaled
pressure drop, dPCAF/dPoil, as a function of the viscosity ratio of the
high and low viscous fluids, noil/nwater, at all watercuts. With
increasing temperature, the viscosity ratio decreases. It ranges
again between noil/nwater ~400 at 50 �C and noil/nwater ~3000 at 20 �C.
It is important to point out that the measured pressure gradient has
been scaled with the calculated value of only the laminar flow of oil
through the pipe at the same viscosity values as, which reads:

dPoil
dL

¼ 128
p

noilroilQoil

D4 ; (2)

where noil is the oil kinematic viscosity and roil is the oil density
(both at the measured temperature), Qoil is the measured oil flow
rate and D is the pipe diameter. It could thus be expected that dPCAF/
dPoil increases with temperature.

Fig. 6 shows that dPCAF/dPoil decreases with increasing oil vis-
cosity. This means that the relative advantage of adding water to
form a lubrication layer along the pipewall is larger in case the oil is
more viscous. The figure also shows that for the highest considered
oil viscosity, i.e. the one at room temperature, the value of dPCAF/
dPoil is almost independent of the watercut. But for a decreasing
viscosity, the scaled pressure drop increases with thewatercut. This
is because the benefit of water lubrication at low oil viscosity is less,
and here the fact that water is added in a larger amount at higher
watercut increases the total throughput which reduces the benefit
of using water as lubrication even more.
2.3. Flow visualisation results

Figs. 7 and 8 display recorded pictures for the typical flow pat-
terns of core-annular flow at watercuts of 12% and 20%, respec-
tively. The flow direction is from the left to the right. The “top view”

images in the figures show the water annulus on the left and right
side of the oil core in the horizontal pipe, whereas the “front view”

images show the water annulus below and above the oil core. For
the left images, the oil temperature is 23 �C, corresponding to an oil
viscosity of approximately 2500 cSt, whereas for the right images
the oil temperature is close to 40 �C, corresponding to an oil vis-
cosity of approximately 780 cSt. All images are post-processed to
enhance the contrast of the oil-water interface. The streamwise
length of the images is approximately 4 inner pipe diameters,
which proved to be sufficient to capture the structures present on
the oil-water interface. The top view image displays the flow as



Fig. 6. Scaled pressure drop as function of the viscosity ratio at different values of the
watercut.
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seen through the mirror, where the interface at the top in this
image is closest to the camera. The bright parts seen on the core are
reflections of the light source.

Comparing the top and front view shows that the oil core is
eccentrically positioned in the front view due to the upward
buoyancy force, whereas the top view displays the core concen-
trically located in the pipe. However, the oil core appears also to be
eccentrically located in the top view images, which is in contra-
diction to visual observation during the experiments. This can be
the result of imperfections in the visualisation box in combination
with artefacts due to the pipe curvature. As expected, the water
annulus becomes thinner when the watercut is decreased, making
it harder to observe the interface at the top of the pipe. At some
locations it seems that the oil core touches the pipe wall. Since no
fouling is observed during the experiments, it can be concluded
that the core is properly lubricated.

In all images waves are present on the oil-water interface. The
front view shows that the wave crest, i.e. the interface closest to the
wall, has a phase delay; the wave crest at the bottom is ahead of the
wave crest present at the top of the core. In the top view, however,
Fig. 7. Flow visualisation of core-annular flow for an oil flow rate of 0.35 l/s and a waterc
(Toilz 39.0 �C).
the wave crests are at almost the same streamwise location. This
behaviour is more clearly observed for large watercuts (Fig. 7), but
is also present at low watercuts.

For low oil viscosity, oil drops are present around the core; see
for example the light grey circular objects in the middle of the
core of the front view of Fig. 7 on the right. It is observed that
these drops are formed at the divider where the oil core is
injected. The oil drops are in the water annulus, but are still fully
surrounded by water since the pipe wall is not fouled after a drop
has passed.

When comparing the images for high and low oil viscosity, it is
observed that the core is less smooth for low oil viscosity. The wave
lengths present on the interface become shorter when the oil vis-
cosity is decreased. Furthermore, a clear wave length is not
observed anymore. Since the oil viscosity is decreased, the core is
more easily deformed by the hydrodynamic forces of the water
annulus that keep the core lubricated.

A future prospect of the visualisation study will be to obtain
quantitative information of the core-annular interface, such as the
core eccentricity, and the amplitude and length of the wave present
on the oil-water interface. These experimental data can for example
be used for the comparison with ongoing detailed numerical
simulations.
3. Model predictions versus experiments

The measurements for the pressure drop were compared with
the predictions from themodel as proposed by Ullman and Brauner
[9]. This is a mechanistic, two-fluid model that assumes a
concentric laminar oil core, and a turbulent water annulus. The oil
and water velocity profiles are approximated by a single bulk oil
velocity and a single bulk water velocity, respectively, with slip
between the phases. The model is closed by using a friction law for
the shear stress between the water film and the wall, and a friction
law for the interfacial stress between the oil core and the water
annulus. For the applied friction laws, a closed form of the solution
of the model can be obtained.

The model solution for the scaled pressure drop is:
ut of 20%. Left: oil viscosity of 2500 cSt (Toilz 23.4 �C). Right: Oil viscosity of 768 cSt



Fig. 8. Flow visualisation of core-annular flow for an oil flow rate of 0.35 l/s and a watercut of 12%. Left: oil viscosity of 2480 cSt (Toilz 23.5 �C). Right: Oil viscosity of 784 cSt
(Toilz 38.7 �C).
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dPCAF
dPoil

¼ Х 2

a2water
; (3)

in which Х 2is the Lockhart-Martinelli parameter (being the ratio of
the pressure drop found for single phase water flow and the pres-
sure drop found for single phase oil flow) and awater is the water
holdup fraction (being the fraction of the pipe cross sectional area
covered by the water annulus). The model has the following solu-
tions for the Lockhart-Martinelli parameter and for the water hold-
up fraction:

Х 2 ¼ 0:046
16

�
nwater

noil

�0:2rwater
roil

Re0:8s;oil

Q*1:8
: (4)

awater ¼
0:5 ci � Х 2Q*

�
Fi þ 0:5 ci

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4Х 2ðQ*=ciÞ2

.
Fi

r

ci þ Q* � Х 2Q*=Fi
: (5)

where Res;oil ¼ Us;oilD
noil

and Q* ¼ Qoil
Qwater

; the superficial oil velocity is

defined as Us;oil ¼ Qoil
pD2=4, in which D is the pipe diameter. The co-

efficients ci and Fi are model constants in the relation for the
interfacial stress, which are taken as, following Ullman and Brauner
Fig. 9. Predicted scaled pressure drop versus the measured value. The solid line de-
notes perfect agreement, and the dashed lines denote the 20% accuracy interval.
[9], ci¼ 1.17 and Fi¼ 1.
The comparison between the predicted andmeasured values for

the scaled pressure drop is shown in Fig. 9. All measured values for
the considered watercuts and oil viscosities are included. There is a
very good agreement between the model predictions and the
measurements, as all values fall within the 20% accuracy interval.

4. Conclusions

Pressure drop measurements for oil-water core-annular flow
were performed and compared to previous results by Ingen Housz
et al. In the present study, the oil viscosity is decreased by
increasing the oil temperature to investigate the influence of the oil
viscosity on the pressure drop at different watercuts. The scaled
pressure drop as function of the viscosity ratio is presented, from
which it is concluded that transport by means of core-annular flow
is more beneficial at a high viscosity ratio (note that the measured
pressure drop is scaled with the pressure drop in the presence of oil
only, at the same flow rate and viscosity). At a lower viscosity ratio
the amount of water needed to lubricate the oil core causes an
increase in the scaled pressure drop and thus the effect of the total
throughput becomes more present. The mechanistic model of Ull-
man & Brauner gives a very good reproduction of the measured
scaled pressure drop, as all predictions fall within the 20% accuracy
interval.

The flow visualisation study shows a clear distinction in the oil-
water interface when decreasing the oil viscosity. The waves pre-
sent on the interface become shorter in length and more irregular
when the oil viscosity is decreased. This is present for both large
and small watercuts. Furthermore, for decreasing oil viscosity, oil
drops are observed in the water annulus. Since the pipe wall is
clean after an experiment it can be concluded that oil is still
properly lubricated by water in all experiments.
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