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Abstract

An experimental study has been made of the influence of gas injection on the phase inversion between oil and water
flowing through a vertical tube. Particular attention was paid to the influence on the critical concentration of oil and water
where phase inversion occurs and on the pressure drop increase over the tube during phase inversion. By using different
types of gas injectors also the influence of the bubble size of the injected gas on the phase inversion was studied. It was
found that gas injection does not significantly change the critical concentration, but the influence on the pressure drop
is considerable. For mixture velocities larger than 1 m/s, the pressure drop over the tube increases with decreasing bubble
size and at inversion can become even larger than the pressure drop during the flow of oil and water without gas injection.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The gas lift technique is commonly used during oil production to reduce the pressure drop of a vertical well
in order to enhance the oil production. It was shown by Guet et al. (2003), that the efficiency of the technique
increases with decreasing bubble size of the gas injected into the flowing oil. However, not much is known
about the efficiency of the gas lift technique for the case of a two-phase flow of oil and water through the pro-
duction tube. There is evidence from the field that for certain conditions the gas lift technique is not working
for a two-phase oil–water flow.

In a two-phase oil–water flow through a production tube phase inversion between oil and water can occur
dependent on, for instance, the concentration of the two liquids. The speculation is, that the injection of gas
can change the critical concentration of oil and water where phase inversion occurs and that the pressure drop
increase during phase inversion can become larger. The phase inversion phenomenon has been investigated by
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various authors, experimentally (Ioannou et al., 2005; Bouchama et al., 2003) as well as numerically (Brauner
and Ullmann, 2002; Chesters and Issa, 2004), but not much knowledge about the influence of gas injection on
this phenomenon is available. In a recent study (Noui-Mehidi et al., 2004) an experimental investigation was
made of phase inversion for the flow of oil and water in a mixing tank in the presence of small bubbles. The
ambivalence range where both oil and water can be the continuous phase, was found to decrease due to the
presence of the bubbles. However, to the best of our knowledge such an investigation has never been made for
an oil–water flow through a vertical tube.

Therefore, we have made an experimental investigation of the influence of gas injection into an oil–water
flow through a vertical tube. The results are reported in this publication. Particular attention is paid to the
influence of gas injection on the critical concentration of oil and water where phase inversion occurs and
on the pressure drop increase over the tube during phase inversion. By using different types of gas injectors
the influence of the bubble size of the injected gas was also studied. Our experiments were carried out in
the DONAU multiphase flow loop of Shell Exploration and Production Technology Applications and
Research at Rijswijk in The Netherlands. As a reference we start with the results about phase inversion with-
out gas injection. Thereafter the influence of gas injection will be presented.

2. Experiments

2.1. Description of the experimental facility

Apicture of theDONAUmultiphase-flow loop is given inFig. 1. The test section can be inclined from0� to 90�
andwas kept vertical for all the experiments described in this publication. The tube has a length of 15.5 m and the
internal diameter is 82.8 mm. The pipe material is stainless steel AISI-316L, which is preferably wetted by the oil
(hydrophobic wall). For flow visualization, a transparent perspex pipe section of length 1.15 m is used. The fluids
used are saltedwater (brine) and oil (Vitrea 10) with properties listed in Table 1.Almost pure oil andwater phases
are pumped separately from a large coalescent-plate separator. The efficiency of the separation is validated by
two Schlumberger Solartron 7835B densitometers, one for each phase at the outlet of the separator. The differ-
ence in density with values in Table 1 shows to be less than 2% during the tests. The fluids are then injected to a
mixing section, and after a development section of 250 internal diameters they flow through the test section.

The following quantities are recorded:

• volumetric flow rates of oil and water by Micromotion CMD 50/100/200 Coriolis flow meters,
• pressure drop over a tube length of 10.35 m, by Rosemount 3051C differential, gauge and absolute pressure
transducers,
Fig. 1. Picture and sketch of the DONAU loop.



Table 1
Physical properties of liquids used

Brine Vitrea 10

Density at 40 �C (kg/m3) 1060 830
Viscosity at 40 �C (mPa s) 0.85 7.5

Interfacial tensions at 25 �C (mN/m)

Brine/air 50.7
Oil/air 30.3
Brine/oil 20.2
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• in situ liquid (oil and water) hold up, by Berthold LB 444 gamma ray densitometer,
• amplitude and phase of the conductivity of the liquid mixture via an impedance probe which consist of two
coaxial electrodes placed perpendicular to the flow and connected to a lock-in phase analyser,

• video recording of the flow mixture using a Sony digital videorecorder DSR 20P.

The temperature is automatically controlled and regulated to 40 �C, within a range of 0.5 �C.

2.2. Measurement procedure

There are four sets of data. The first set consists of oil–water data without gas injection at different mixture
velocities and different oil and water concentrations. Special attention is given to the critical concentration,
where phase inversion takes place. In the second set gas injection occurs via a nozzle injector and attention
is given to its influence on the critical concentration and on pressure drop over the tube. The third and fourth
sets are similar to the second one, but measured with two different types of porous-material injectors in order
to achieve smaller bubbles. There is a total of 234 measurement points. Each point requires 5 min recording at
constant flow conditions, with a sampling frequency for the pressure transducers of 0.5 Hz.

3. Phase inversion in oil–water flow without gas injection

3.1. Flow pattern

During the experiments the mixture velocity is so large, that only dispersed flow occurs (oil drops in water
or water drops in oil). This can be checked with the video recordings. In Fig. 2, the densities measured from
the densitometer and calculated from water fraction are compared for different mixture velocity. All points are
spread on a line that is just parallel to the unity line, which shows that the calibration of the densitometer is
not perfect. Furthermore, it can be seen that no significant deviation of the density occurs when the mixture
velocity changes from a low value to a higher value. Thus we conclude that the slip between the phases is neg-
ligible, and the homogeneous (no-slip) model can be applied, according to which the mixture density is a linear
function of the oil (or water) fraction.

From the impedance probe we have information which liquid is the continuous phase and when phase
inversion takes place.

The result is given in Fig. 3, which shows that phase inversion always takes place at a water concentration
of about 30%, regardless the mixture velocity. This value is discussed in Section 5.

3.2. Pressure gradients

For fully developed (steady) dispersed flow the total pressure gradient is equal to the sum of the gravity
pressure gradient and the frictional pressure gradient
dP
dz

¼ dP
dz

� �
g

þ dP
dz

� �
f

; ð1Þ
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Fig. 2. Comparison between mixture density measured from c-ray densitometer and calculated from water fraction.
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in which P is the pressure and z the vertical coordinate. The gravity pressure gradient is given by
dP
dz

� �
g

¼ qmg ð2Þ
and the frictional pressure gradient by
dP
dz

� �
f

¼ fmqmU
2
m

2D
; ð3Þ
where qm is the mixture density, g the acceleration due to gravity, fm the friction factor, Um the mixture veloc-
ity and D the tube diameter. When we consider the liquid mixture as a homogeneous dispersion with an effec-
tive viscosity lm, fm can be expressed as a function of the mixture Reynolds number Rem = qmUmD/lm using
an existing empirical correlation for a single-phase fluid. The following correlations are given in the literature
(an overview of these correlations is found in Brauner (1998)):
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(1) Blasius correlation for a tube with a smooth wall and for 2000 < Rem < 105
Fig. 4.
symbo
fm ¼ 0:316

Re0:25m

. ð4Þ
(2) Colebrook correlation for a tube with rough walls
1ffiffiffiffiffi
fm

p ¼ �2 log
k�

3:71
þ 2:52

Rem
ffiffiffiffiffi
fm

p
� �

ð5Þ
with k* = k/D the non-dimensional wall roughness.
(3) Haaland correlation (see Haaland (1983))
fm ¼ �1:8 log
6:9

Rem
þ k

3:7D

� �1:1
 !" #�2

. ð6Þ
3.2.1. Total pressure gradient

In Fig. 4 the total pressure gradient measured for six different mixture velocities is shown as function of the
water fraction. For a mixture velocity below 1.5 m/s the pressure gradient exhibits a gravity dominated behav-
ior with a linear increase from a pure-oil to a pure-water pressure gradient. The contribution due to the fric-
tional pressure gradient is negligible. Above this velocity there is a noticeable peak in the pressure gradient due
to the frictional component, in particular at the point of phase inversion (at a water fraction /w � 0.3). For the
higher velocities experiments were carried out in both directions: from pure water to pure oil (squares) and
vice versa (circles). This was done in order to observe a possible hysteresis effect described in publications
about phase inversion (the so-called ambivalent range), also mentioned in the case of pipe flow (Ioannou
et al., 2005). As can be seen this hysteresis effect does not occur during our experiments.
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3.2.2. Frictional pressure gradient

Using Eqs. (1) and (2) the frictional pressure gradient can be determined from the measured total pres-
sure gradient. The resulting frictional pressure gradient as function of the water fraction for the six mixture
velocities of Fig. 4 is shown in Fig. 5. The point of phase inversion is characterized by a peak in the fric-
tional pressure gradient. At the high velocities this peak can be rather strong, due to a higher shear stress at
the wall.
3.2.2.1. Measurement uncertainty. From the pressure measurement at bottom dPbot and at top dPtop of the
pipe, the frictional pressure drop is calculated as follows:
Fig. 5.
symbo
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In terms of experimental uncertainty, this can be written as
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The uncertainty on the frictional pressure gradient is a combination of the relative uncertainty on the pressure
measurements eP, which is less than 0.2% and the experimental uncertainty on the density eq which is much
higher (around 1%). For lower velocities Um < 1.5 m/s, where friction does not play a significant role in the
pressure gradient, the error bars become larger than the variations themselves (Fig. 5), so it is not relevant
to draw conclusions on these plots.
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3.2.3. Single-phase flow friction factor
We have compared the friction factor as calculated from Eqs. (4)–(6) with the friction factor as determined

from our single-phase (pure oil or pure water) flow experiments. The results are shown in Fig. 6, where the
friction factor is plotted as function of Rem. Only flow rates corresponding to Um > 1.5 m/s have been used,
as the results for lower velocities are not reliable (as observed in Section 3.2.2). The agreement between pre-
dictions made with the correlations and our experimental data is good for all three correlations, although the
Haaland correlation gives a slightly better agreement than the other two.

3.2.4. Effective viscosity of the mixture
When we assume that the single-phase flow correlations for the friction factor also hold for a homogeneous

two-phase flow, we can (by using one of these correlations) determine the effective mixture viscosity from our
experiments. We have applied the Blasius correlation for this purpose. The calculated effective viscosity as
function of the water fraction (/w) is given in the left part of Fig. 7 for three values of the mixture velocity.
Rem is shown as function of the water fraction in the right part of Fig. 7 for the same three velocities. The peak
amplitude of the effective viscosity at phase inversion increases with mixture velocity. For Um = 2.94 m/s the
effective viscosity at phase inversion is two times the pure oil viscosity. The increase in mixture viscosity at
phase inversion implies a reduction in the Reynolds number at phase inversion, but the flow remained always
turbulent during our experiments.
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Three parts are visible in Fig. 7:

• /w < 0.3: oil is continuous phase, effective viscosity grows exponentially (with growth rate increasing with
mixture velocity), Rem is smaller than Reoil.

• 0.3 < /w < 0.6: water is continuous phase, oil concentration is high, effective viscosity decreases exponen-
tially (independent of mixture velocity), Rem increases.

• /w > 0.6: water is continuous phase, oil concentration is low, effective viscosity is constant, Rem = Rewater.

4. Effect of gas injection on phase inversion

As mentioned the aim of this study is to investigate the influence of gas (air) injection on phase inversion in
a dispersed oil–water flow through a vertical tube. Particular attention is paid to the influence of the bubble
size of the injected gas on the critical concentration where phase inversion takes place and on the pressure drop
over the tube during phase inversion. For this purpose three types of injectors were used (see Fig. 8):

• the nozzle injector, which is a small pipe with an internal diameter of 4 mm located in the middle of the test
tube generating large (about 10 mm) bubbles;

• the conical porous injector, which consists of a cone of porous material placed over the outlet of the nozzle
injector generating smaller (about 3 mm) bubbles;

• the circular porous injector, which is a ring of porous material inserted inside the tube against the tube wall
generating also 3 mm bubbles.

Using video recording two flow regimes were identified during the experiments: slug flow and dispersed
flow. At high mixture velocities (Um > 1 m/s) the flow pattern is always dispersed flow (gas bubbles in a
water-in-oil emulsion or gas bubbles in an oil-in-water emulsion). At lower velocities (Um < 1 m/s) the flow
pattern is slug flow. In this study no in situ measurements of bubble size has been performed.

4.1. Pressure gradient

During the experiments it became clear, that the bubble size has almost no effect on the critical concentra-
tion where phase inversion takes place (/w � 0.3). However its influence on the pressure drop over the tube
during phase inversion is considerable. For the sake of simplicity we will discuss the experimental results
for low and high mixture velocities separately.

4.1.1. Low mixture velocity (Um < 1 m/s)
The results of these experiments are given in Fig. 9, in which the total pressure gradient is plotted as func-

tion of the water fraction for four different conditions. For a mixture velocity of Um = 0.39 m/s there are two
values for the gas-volume fraction (GVF = 2.56% and 9.52%); for a mixture velocity of Um = 0.98 m/s there
are also two values for the gas-volume fraction (GVF = 2.05% and 7.28%). In each of the four figures the
results are given for the three different types of injector; for comparison also the result for oil–water flow with-
Fig. 8. Three types of gas injectors, from left to right: nozzle injector, conical porous injector, circular porous injector.
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out gas injection is shown. As mentioned the gas injection does not influence the critical concentration
(/w � 0.3) where phase inversion occurs, but it has a significant influence on the pressure drop over the tube.
As in the case of a single liquid, gas injection decreases the pressure drop (also during the point of phase
inversion). The pressure drop decreases with increasing gas injection. It decreases more at large values of
the water fraction than at smaller values. The difference in influence for the different type of injectors is rather
insignificant. The circular porous injector are a bit more effective than the other two injectors in the water-
continuous region (/w > 0.3); but in the oil-continuous region ((/w < 0.3)) the other two are slightly more
effective. The conical porous injector has about the same influence as the nozzle injector.

4.1.2. High mixture velocity

The results for the high mixture velocities are shown in Figs. 10 and 11. Fig. 10 gives the pressure gra-
dient as function of the water concentration for three values of the gas volume fraction. Fig. 11 shows the
pressure gradient as function of the water fraction for the three types of injectors. For comparison also the
result for the oil–water flow without gas injection is provided. Phase inversion always takes place at a water
fraction of about /w � 0.3. It is evident from the figures that the pressure drop peak during phase inversion
is much stronger enhanced at high mixture velocities than at low velocities. The magnitude of the peak is
not very dependent on the gas volume fraction. As can be seen in Fig. 10 at a low value of the gas volume
fraction the peak can even cross the pressure-gradient line for the case of oil–water flow without gas injec-
tion for values of the water fraction around the phase inversion point. So for such conditions gas injection
has a negative effect on the pressure drop over the tube; the gas lift technique does not work for such con-
ditions. As shown in 11 the peak is strongly dependent on the type of gas injector. The circular porous
injector causes the highest peak. This is very surprising as for a single-liquid flow it was shown, that
the pressure drop over the tube decreases with decreasing bubble size. However for gas injection in a
two-phase flow the pressure drop increases with decreasing bubble size, in particular at the point of phase
inversion.
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5. Discussion

Various mechanisms for the occurrence of phase inversion are found in literature, including packing con-
centration of spheres (Nunez et al., 1996) or the development of multiple emulsions (Chesters and Issa, 2004).
The 30% inversion point is compared with a few published models or correlations in Table 2, where l, ~q and ~m
are, respectively, the dynamic viscosity, the density ratio between oil and water and the kinematic viscosity
ratio between oil and water. As can be seen, all the values are very close but the critical fraction of water
at inversion point is best predicted by the model of Brauner and Ullmann (2002), which involves the minimi-
zation of the total energy of the system.

In the following we mention a few points that can perhaps explain the interesting results of our phase inver-
sion experiments with gas injection. We will investigate these points in our future (experimental) research.

• The different behavior at low mixture velocities and high mixture velocities can be attributed to differences
in the characteristic size of drops and bubbles. At low mixture velocities the drop and bubble sizes are
mainly determined by the entry conditions (similar to bubbly flow in gas–liquid systems) rather than by
the turbulence intensity, as in the case of high mixture velocities.



Table 2
Prediction of inversion point

Authors Water cut at inversion point Application

Yeh et al. (1964)
1 1þ l0

lW

� �0:5
 !,

0.4

Arirachakaran et al. (1984) 0:5� 0:1108 log
l0

lW

� �
0.25

Brauner and Ullmann (2002) 1� ~q~m0:4=ð1þ ~q~m0:4Þ 0.33
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• The changes observed by varying the water cut at low mixture velocities are a result of gradual flow pat-
tern transitions between water dominated to oil dominated flow patterns, through an intermediate churn
flow zone. (This is similar to the sequence of flow pattern transitions in vertical gas–liquid flows. With
increasing gas velocity the flow pattern changes from bubbly flow to annular flow.) This gradual flow
pattern transition is not to be confused with the phase inversion that takes place at high mixture
velocities.

• The bulk viscosity of the mixture is not important for the pressure drop which is balanced by shear stresses
at the wall. Therefore the mixture viscosity at the wall is important. So it is relevant to determine what is
preferentially on the wall; gas, oil or water. In particular it is important to find out, where the gas is. It can
be expected that it is always in or on the oil, irrespective whether the oil is continuous or dispersed (gas
hates water).

6. Conclusion

An experimental study has been made of gas injection in oil–water flow through a vertical tube. Special
attention was given to the influence of gas injection on the phase inversion process between oil and water.
As a reference the flow of oil and water without gas injection was investigated first.

From the experiments without gas injection it can be concluded, that the effective viscosity increases con-
siderably during phase inversion leading to a pressure peak over the tube at the phase inversion point. The
data show that the growth of the effective viscosity increases with increasing mixture velocity. This may be
due to the change in turbulence at higher mixture velocities. More detailed experiments are needed to confirm
this assumption. The hysteresis effect during phase inversion as found in other studies was not found during
our experiments. The point of phase inversion was always close to a water fraction of /w = 0.3, independent
on the direction of change in water fraction during the experiments (from oil to water or from water to oil).

From the experiments with gas injection it was found, that gas injection does not influence the critical oil or
water concentration where phase inversion takes place. However gas injection strongly enhances the pressure-
drop peak at phase inversion. The peak can even cross the (pressure-gradient-versus-water-fraction) line for
the case of oil–water flow without gas injection for values of the water fraction around the phase inversion
point. So for such conditions gas injection has a negative effect on the pressure drop over the tube and the
gas lift technique does not work anymore. With decreasing bubble size this effect becomes even stronger. This
is very surprising as for gas injection in a single-liquid flow it was shown, that the pressure drop over the tube
decreases with decreasing bubble size. This important result cannot be explained by us at the moment. Obvi-
ously the bubbles play an important role during phase inversion, but it is not clear which role that is. In our
future work we will make a detailed study of this phenomenon.
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