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a b s t r a c t
This work is devoted to study of the slip phenomenon between phases in water–oil two-phase ﬂow in
horizontal pipes. The emphasis is placed on the effects of input ﬂuids ﬂow rates, pipe diameter and viscosities of oil phase on the slip. Experiments were conducted to measure the holdup in two horizontal
pipes with 0.05 m diameter and 0.025 m diameter, respectively, using two different viscosities of white
oil and tap water as liquid phases. Results showed that the ratios of in situ oil to water velocity at the pipe
of small diameter are higher than those at the pipe of big diameter when having same input ﬂow rates. At
low input water ﬂow rate, there is a large deviation on the holdup between two ﬂow systems with different oil viscosities and the deviation becomes gradually smaller with further increased input water ﬂow
rate.
Ó 2008 Elsevier Inc. All rights reserved.

1. Introduction
Flows of oil and water two-phase are encountered in a diverse
range of processes and equipment. For example, in the oil industry,
mixtures of oil and water are transported in pipes over long distances. In order to estimate accurately the holdup, it is necessary
to know the actual ﬂow pattern under the speciﬁc ﬂow conditions.
Several ﬂow pattern maps have been observed depending upon the
physical properties and input ﬂuxes of the two phases, and the size
and orientation of pipe [1–5]. According to the classiﬁcation by
[5–8], the main ﬂow regimes in a horizontal pipe can generally
be classiﬁed into the following two categories:
1.1. Segregated ﬂow
Where the two-ﬂuids ﬂow in separate layers according to their
different densities (ST or ST&MI ﬂows). Furthermore, at certain conditions, for high viscosity oil and water ﬂow, one phase can occupy
the core of the pipe with the other ﬂowing in the annulus around it
(AN ﬂow) [9–12].
1.2. Dispersed ﬂow
Where one ﬂuid is continuous and the other is in the form of
drops dispersed in it ( Do/w&w, Dw/o&o, Do/w&Dw/o, o/w or w/o
ﬂows).
Accurate prediction of holdup in oil–water ﬂow is important in
many engineering applications. However, despite of their importance, liquid–liquid ﬂows have not been explored to the same
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extent as gas–liquid ﬂows. Due to the difference in density
between the two-ﬂuids and their holdups, there is a slip velocity
between the phases. Unlike the gas–liquid ﬂow, very little information focuses on this case between oil and water.
The slip phenomenon can be expressed by the ratio between the
average in situ velocities of the two-phases. It is given in terms of
the velocity ratio, S, deﬁned as the ratio of in situ oil to water velocity, which can be expressed as follows:

S¼

bo =bw
eo =ew

ð1Þ

where bo and bw are the input volume fractions of oil and water
respectively, averaged over the pipe cross-section, and eo and ew
are the in situ volume fractions of oil and water, respectively, averaged over the pipe cross-section. Accordingly, S is greater than 1
when oil is the faster ﬂowing phase, and conversely S is less than
1 when water is the faster ﬂowing phase.
Angeli and Hewitt [8] measured S in an acrylic pipe with 24 mm
diameter. Results showed that in most cases S was less than unity
when the majority of the ﬂow regimes were in segregated ﬂow.
They used the Lockhart–Martinelli parameter (v) to predict
in situ volume fraction eo and gave the following correlation by
the multiple regression analysis of the experimental data:

lnðeo Þ ¼ 0:4134 lnðvÞ  0:6004

ð2Þ

It can be seen from the equation that, although it is noteworthy, eo
should be bigger than unity when v > 4.27, which does not have a
physical sense. Lovick and Angeli [13] performed the experimental
work to study the dual continuous horizontal ﬂow (ST&MI ﬂow) in a
38 mm diameter using water and oil (6 mPa  s viscosity and
828 kg/m3 density) as test ﬂuids. The experimental data showed
that S increased during dual continuous ﬂow from below 1 to above
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Nomenclature
Qw
Qo
uso
usw
uo
q
D

water ﬂow rate (m3/h)
oil ﬂow rate (m3/h)
superﬁcial oil velocity (m/s)
superﬁcial water velocity (m/s)
average in situ oil velocity (m/s)
the ratio of input water to oil volume fraction (dimensionless)
pipe diameter (m)

1 as the input oil fraction increased. At high input oil fractions, however, S decreased again to values below 1 as the mixture velocity
increased.
These studies above focuses on the effect of input ﬂuids ﬂow
rate on the slip. A survey of the past literature shows that no experiment, to the best of the authors’ knowledge, has been reported till
date to investigate the slip between oil and water using different
oil phases at a ﬁxed system. In liquid–liquid horizontal ﬂows, available data were usually measured under the conditions that the
pipe diameter and ﬂuid viscosity are ﬁxed, especially for a low viscosity oil and water ﬂow. Fig. 1 shows S against the ratio of input
water to oil volume fraction (q) in the available literature
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Fig. 1. Ratio of in situ oil to water velocity versus ratio of input water to oil volume
fraction in the literature for segregated ﬂow.

Greek letters
q
density of ﬂuid (kg/m3)
r
surface tension (N/m)
l
viscosity (Pa  s)
in situ volume fractions of oil
e0
input volume fractions of oil (dimensionless)
b0
v
Lockhart–Martinelli parameter (dimensionless)

[2,8,13–16] for the same ﬂow pattern (segregated ﬂow). These data
indicate, in general, that the values of S decrease with increasing q.
However, due to the different experimental systems used, it is difﬁculty to observe the effects of the pipe diameter and the properties of the ﬂuids on the slip using these results. Therefore, the
objective in this work is to study in depth the effects of input ﬂuid
ﬂow rates, pipe diameter and ﬂuid properties on the slip in horizontal pipes. Furthermore, two different viscosities of white oil
have been used here to study the average in situ oil fraction
according to different ﬂow patterns.
2. Experimental set-up and procedure
The experiments reported below were carried out on the multiphase ﬂow facilities at Institute of Mechanics, Chinese Academy of
Sciences. A schematic diagram of the experimental system was
shown in Fig. 2. All experiments were conducted using white oil
and water at room-temperature and atmospheric outlet pressure.
Measurements were made for water ﬂow rates from 0.5 to
12.5 m3/h and input oil volume fractions from 3% to 94%. The system consisted of a steel frame supporting a transparent Perspex
pipes. Water and oil were pumped from their respective storage
tanks, metered, and introduced into pipes via a T-junction. The
mixture ﬂowed along a 12 m long horizontal pipe from the entry
point, which provided sufﬁcient entrance length to stabilize the
ﬂow, to the test section. To examine the effect of the diameter on
the ﬂow phenomena, the test sections consisted of the two different pipes with 0.05 m and 0.025 m diameter, respectively. Four rapid closing valves (RV1–RV4) were implemented to switch the ﬂow
between the tubes for transient ﬂow tests. For example, for ﬂowing
in a horizontal pipe with 0.05 m diameter, RV1 and RV2 were open
and allowed the ﬂuid to ﬂow along the pipe with 0.05 m diameter
while RV3 and RV4 stay closed in order to block the pipe with
0.025 m diameter so that it remained full in the pipe. Different ﬂow

Fig. 2. Schematic of the test facility (a, D = 50 mm; b, D = 25 mm).
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Surface tension (N/m), r

Viscosity (Pa  s), l
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structures can be obtained through adjusting the input ﬂow rates
of water and oil by the pumps themselves. When the steady state
was reached under a ﬂow condition, the input ﬂow ﬂuids rates
were measured. The high-speed camera recorded the continuous
ﬂow process synchronously when the camera frequency was set
at 1 kHz, which was high enough to capture the details of the ﬂow
process. The holdup measurement was taken after the mixture
ﬂowing along a 4.5 m long horizontal pipe from the bend. The rapid closing valves system was operated three times to obtain the
averaged water holdup under the ﬂow condition. Under each ﬂow
condition, the ﬂuctuation of mean value of the holdup among the
three times is around 6.3%. Moreover, the effect of the ﬂuid properties on the slip was also studied using two different viscosities
of white oil. The physical properties of test liquids have been listed
in Table 1.
3. Experimental results and discussions
3.1. Flow patterns
The ﬂow patterns have been observed visually as well as by
photographic techniques. In the present work, the ﬂow structures
of oil–water two-phase ﬂow are distinguished, in general, as six
basic ﬂow structures according to the deﬁnition of Trallero et al.
[2] and Brauner [5]. They are: stratiﬁed ﬂow (ST), stratiﬁed ﬂow
with mixing at the interface (ST&MI), dispersion of oil in water
and water (Do/w&w), oil in water emulsion (o/w), dispersions of
water in oil and oil in water (Dw/o&Do/w) and water in oil emulsion (w/o). Flow pattern map of Trallero et al. [2] with corresponding ﬂowrates, showing oil–water two-phase ﬂowing in horizontal
pipes for the experiments reported in the present work, is presented in Figs. 3a and b for 0.05 m diameter and 0.025 m diameter,
respectively. The experimental data were measured using the
white oil 2 (lo = 138 mPa  s) and water system. It can be seen that
the map of Trallero et al., in general, can satisfactorily describe our
experimental data for oil and water two-phase ﬂowing in pipe with
0.05 m diameter. However, it fails to predict the ﬂow pattern in
pipe with 0.025 m diameter. A comparison between Fig. 2a and b
shows the inﬂuence of pipe diameter on ﬂow pattern when having
the same ﬂow rates. The main differences are that the transition
from ST&MI ﬂow to Dw/o&Do/w ﬂow took place under a much lower ﬂow rate contribution of the oil phase in the 0.025 m diameter
than that in the 0.05 m diameter. The reasons for the discrepancies
may be that the mixture velocity in 0.025 m diameter is lager than
that in 0.05 m diameter for the same input ﬂow rates.
Based on the experimental observation, it is found that, for most
of cases, Fig. 3 can also predict white oil 1 and water ﬂow, although
there are some small differences between two systems in the same
ﬂow pattern, for instance there are a more interfacial mixing layer
within ST&MI ﬂow of white 2 and water than that within white 1
and water ﬂow. Thus, the ﬂow pattern for white oil 1 and water
ﬂow can be also studied using Fig. 3. Due to the fact that, for the
transition between ST ﬂow and ST&MI ﬂow, the onset velocities
for drop formation in the interface decrease as the viscosity ratio
of oil to water increases [17], it is more easy to form the interfacial
mixing in water and oil 2 (lo = 138 mPa  s) ﬂow than that in water
and oil 1 (lo = 50 mPa  s) ﬂow under same input conditions.
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Fig. 3. Flow pattern map of Trallero et al. [2] showing inlet ﬂow rates for the
experiments reported in this work with lo = 138 mPa  s (a, D = 50 mm; b, D =
25 mm; the experimental conditions of Trallero et al., qo/qw = 0.85, lo/lw = 29.6,
D = 50 mm).

3.2. Effect of input ﬂuids ﬂow rates on the slip
Experiments have ﬁrstly been made to investigate the inﬂuence
of input oil and water ﬂow rates (Qo and Qw) on the slip of the two
liquids under a particular ﬂow pattern. For this, the data has been
represented at constant water ﬂow rates. Fig. 4 depicts the effect of
input ﬂuids ﬂow rates on the slip in horizontal pipe with the diameter of 0.05 m using white oil 2 and water system. In most cases,
ﬂow patterns maintain at ST&MI ﬂow. In general, at constant water
ﬂow rates, the ratio of in situ oil to water velocity (S) increases with
increasing oil ﬂow rate. However, at high Qw, the inﬂuence of input
water ﬂow rate appears negligible change. The values of S at Qw =
5 m3/h are close to those at Qw = 8.75 m3/h. Fig. 5 shows the ratio of
in situ oil to water velocity against input oil fraction at different input mixture ﬂow rates. It can be seen that, at low bo value, the mixture ﬂow rate (Qm) has a prominent inﬂuence on S and the
inﬂuence become reduced gradually with bo increasing. For a given
input oil fraction, with Qm increased, S increases over the range of 0
< bo < 0.8. A comparison of the data in the two ﬂow rates shows
that, at low bo value, the ratio of in situ oil to water velocity at dispersed ﬂow is larger than those at segregated ﬂow. The reasons for
the discrepancies may be that, for a stratiﬁed ﬂow with low input
oil fraction, in situ water fraction (ew) should be less than input
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Fig. 6. The effect of pipe diameter on the slip at constant input water ﬂow rates for
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Fig. 4. The effect of input ﬂuids ﬂow rates on the slip in a horizontal pipe with the
diameter of 0.05 m for white oil 2 and water ﬂow.
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water fraction (bw) because water is much faster than oil. Thus, S
should be less than 1 by analyzing the Eq. (1). However, for a dispersed ﬂow, S is close to or bigger than 1 based on the study results
of Rodriguez and Oliemans [14].
3.3. Effect of pipe diameter on the slip
The inﬂuence of the pipe diameter on the slip of oil–water mixtures at a given water ﬂow rate was investigated. Fig. 6 shows input ﬂuids ﬂow rates against the ratio of in situ oil to water velocity
for white oil 2 and water ﬂow. At a pair of given input oil and water
ﬂow rates, S in 0.025 m diameter is higher than that in 0.05 mm
diameter, especially for low input water ﬂow rate. In the present
work, in order to reduce the effect of ﬂow pattern, most of experimental data were conﬁned to SI&MI ﬂow. Interestingly, it is found
in the ﬁgure that there is a similar tendency of change of S in two
pipes with increasing Qo when water ﬂow rates are ﬁxed (Qw =
1.25 m3/h and Qw = 2.50 m3/h). The effect of pipe diameter on
the slip at constant input mixture ﬂow rates is presented in
Fig. 7. When input water ﬂow rate is ﬁxed at 4.50 m3/h, ﬂow patterns in 0.05 m diameter are segregated ﬂow, and those in

1.0

Fig. 7. The effect of pipe diameter on the slip at constant input mixture ﬂow rates
for white oil 2 and water ﬂow.
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Ratio of in situ oil to water velocity, S

Fig. 5. The effect of mixture ﬂow rates on the slip in a horizontal pipe with the
diameter of 0.05 m for white oil 2 and water ﬂow.
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Fig. 8. The effect of oil viscosity on the slip at constant input water ﬂow rates in a
horizontal pipe with the diameter of 0.05 m.
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Fig. 9. In situ volume fractions of oil versus input volume fractions of oil at constant input water ﬂow rates in a horizontal pipe with the diameter of 0.05 m.

0.025 m diameter dispersed ﬂow. In the range of 0.2 < bo < 0.8, values of S at small diameter are higher than those at big diameter.
3.4. Effect of the viscosity of oil phase on the slip
In order to understand the effect of the viscosity of oil phase on
the slip, experiments have been performed under identical ﬂuid
ﬂow rates (Qw = 2.5 m3/h and Qw = 5.0 m3/h) but different oil viscosities of 50 mPa  s (white oil 1) and 138 mPa  s (white oil 2).
Fig. 8 illustrates the effects of viscosity on the slip at constant input
water ﬂow rates in a horizontal pipe with the diameter of 0.05 m.
In ﬁgure, there are coincident ﬂow patterns between two systems
when having same input conditions. It can be found that S at white
oil 1 and water ﬂow is higher than those at white oil 2 and water
ﬂow when Qw = 2.5 m3/h. Under this condition, most of ﬂow patterns are in segregated ﬂow. Based on the works of Ullmann
et al. [18], the ﬂow characteristics of two-ﬂuids are dependent on
two dimensionless parameters: the input
ﬂow rates ratio (q) and
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Lockhart–Martinelli parameters (v ¼ Ddpw =Ddpo ), and also ew
increases with v increasing. In this work, under same input ﬂow
rates, v in oil 1 and water system is higher than that in oil 2 and
water system because of oil viscosity. Therefore, ew for oil 1 and
water ﬂow is bigger than that for oil 2 and water ﬂow. It can be
found by the Eq. (1) that, when q is ﬁxed, increasing ew will enlarge
S. Thus, oil 1 and water has higher S than oil 2 and water ﬂow when
two-phase ﬂow is in segregated ﬂow. However, with further
increasing the water ﬂow rate, the mixture ﬂow is in dispersed
ﬂow and S is close to each other as shown in Fig. 8. A detailed data
is shown in Fig. 9. The graph presents in situ volume fractions of oil
versus input volume fractions of oil at constant input water ﬂow
rates. It can be concluded from the experimental data, as shown
in Fig. 9, that for all cases the average oil holdup, eo, increases with
an increase at the input oil fraction and decreases with an increase
at the water ﬂow rate. However, Fig. 9 also reveals that there is a
large deviation on the holdup between white oil 1/water ﬂow
and white oil 2/water ﬂow when the water ﬂow rate maintains values of Qw = 1.25 m3/h and 2.50 m3/h, respectively, and then the

deviation becomes gradually smaller with increased input water
ﬂow rate. For high water ﬂow rate (Qw = 5.0 m3/h and Qw =
8.75 m3/h in this work), we may see that the holdup between
two systems is almost equal, namely the effects of viscosity on
the slip at high input water ﬂow rates is negligible.
4. Conclusions
An experimental study of oil and water ﬂow through the horizontal pipes has been conducted. Special attention is given to study
of slip between two phases. The effects of input ﬂuids ﬂow rates,
pipe diameter and viscosities of oil phase on the slip have been observed experimentally. The work reveals that, at low bo value, the
ratio of in situ oil to water velocity at dispersed ﬂow is larger than
those at segregated ﬂow. The ratios of in situ oil to water velocity
at the pipe of small diameter are higher than those at the pipe of
big diameter under same input ﬂow rates. At low input water ﬂow
rate, there is a large deviation on the holdup between two ﬂow systems with different oil viscosities and the deviation becomes gradually smaller with further increased input water ﬂow rate.
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