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Abstract

Accurate measurement of oil-water flows is a significant issue to oilfield water injection development. In this
paper, the parameter measurement of vertical oil-water flows is established by conductance sensors with inner-
outer multi-height ring electrodes. Firstly, the dynamic experiment of vertical upward oil-water flows is carried
out, and a high-speed camera is used to capture flow structures in each working condition. Based on the output
conductance signals and the images from the high-speed camera, the experimental flow patterns (bubble flow,
slug flow, very fine bubble flow and transition flow) are identified. And the relationship of mixture velocity to
cross-correlation velocity and water cut is established. On this basis, the drift velocity models under different
flow patterns are constructed by combining the water holdup calculated by Maxwell equation. The results show
that the measurement of mixture velocity of oil-water flows is satisfactory. And high precision superficial velocity

measurements of four different flow patterns are achieved.

1. Introduction

The phenomenon of oil-water flows is commonly
encountered in petroleum industry. In particular, accurate
flow measurement of oil-water flows is significant to
dynamic characteristics of oil well production. For the
water continuous oil-water flow with low velocity, due to
the interaction and slippage effect among phases, the
flow structure is very complex, and the local distributions
of wvelocity and concentration are extremely
inhomogeneous, which bring a great challenge to the
flow measurement.

The traditional electric methods for the measurement of
oil-water flows include conductance method, capacitance
method and so on. The conductance method has the
advantages of fast response, good reproducibility and
satisfied stability which is suitable for multi-phase flow
measurement with water as continuous phase. Common
conductance sensors include probe array structure [1-6],
sector structure [7, 8], ring structure, parallel string wire,
wire-mesh and so on. In order to improve the electric
field distribution of the sector sensor, rotating electric
field type conductance sensor [9-11] and multi-sector
conductance sensor [12, 13] were designed, which
further improve the sensitivity of water holdup
measurement as well as inhibit the influence of flow
structure in some way. To explore the concentration
distribution of the fluid corresponding to the pipe cross
section, researchers began to introduce annular
conductance sensors [14-16]. In addition, the
measurement of flow velocity is the key to obtain the
flow rate of oil-water flows. In long-term experiments
and engineering studies, the flow velocity measurement
methods mainly include Venturi flowmeter, turbine
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flowmeter and cross-correlation flowmeter et al. [17-19].
In the process of water injection development in onshore
oilfield, the phenomenon of oil-water flows with water as
continuous phase gradually increases, and the
conductance cross-correlation method is widely used to
measure flow velocity [20-22]. The purpose of cross-
correlation measurement is to obtain the mixture velocity
of the fluid through the cross-correlation velocity which
reflects the propagation velocity of structural wave from
upstream sensor to downstream sensor. However, some
conductance sensors only can reflect the propagation
velocity of local structural wave, rather than that of
global structural wave which has adverse effect on the
velocity measurement of serious non-uniform oil-water
flows. Besides, the traditional flow measurement often
relies on a combination of water holdup sensor and
velocity sensor, which in fact increases the cost.

Based on this, we report an experimental study on flow
measurement of vertical upward oil-water flows using
conductance sensor with inner-outer multi-height ring
electrodes, which is designed and used in the study of
gas-liquid flow [23] by our group. In the dynamic
experiment, four flow patterns are identified by
combining images of high-speed camera and the output
signals. Simultaneously, the cross-correlation velocity is
attained by the principle of cross-correlation velocity,
then the mixture velocity is established based on the
cross-correlation velocity and water cut. In addition, we
calculate the water holdup with the Maxwell equation.
Finally, drift velocity models based on four flow patterns
is constructed to acquire superficial velocities.

2. Experiment setup

2.1 Sensor system
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vertical oil-water flows are measured by improved ring
conductance sensor. The sensor structure is shown in Fig.
1. The sensor consists of an exciting ring electrode on the
center body and a receiving ring electrode embedded in

the pipe wall, which can be used to measure water holdup.

In addition, two identical conductance sensors are placed
upstream and downstream of the measurement section
for the measurement of cross-correlation velocity.
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Figure 1: Structure of the conductance sensor with inner-outer multi-
height ring electrodes

Table 1: The geometry of conductance sensor

Key parameters Letters Values
Inner diameter of the pipe d 20 mm
Outer diameter of the pipe D 30 mm
Diameter of the center body d; 10 mm
Inner electrode height h 4 mm
Outer electrode height H 3mm
Distance between the upstream
and downstream electrodes L 30 mm

The COMSOL software was used to optimize the
dimension of the sensor, and the optimal sensor structure
with the highest measurement sensitivity, the most
uniform electric field distribution and good measurement
stability was finally obtained, as shown in Tab. 1. We
have explained the specific optimization design process
of the sensor in literature [23]. The design of unequal
height electrodes ensures the uniform distribution of
electric field in annular space, which is beneficial to
overcome the influence of uneven distribution of the
dispersed phase on water holdup measurement. The
distance between the sensors is 30 mm, which ensures the
independent measurement of the two sensors and
effectively avoids the electric field crosstalk between the
two sensors. The excitation source of the sensor is a 20
kHz sinusoidal AC voltage source with a peak value of
10 V, the two inner ring electrodes are excited
respectively, and the sensor signals received by the outer
ring electrodes are subsequently amplified, filtered, AD
converted. Finally, the signals are collected by PX1-4472,
and then processed by the upper computer.

2.2 Dynamic experiment

The dynamic experiment of vertical upward oil-water
flows is carried out in the multiphase flow loop device of
Tianjin University, as shown in Fig. 2. It mainly includes
three tanks: water tank, oil tank and mixing tank; high-
precision peristaltic pump with stable and reliable
performance; PMMA  (polymethyl methacrylate)
experimental pipes with length of 2600 mm, inner
diameter of 20 mm and outer diameter of 30 mm; The
conductance sensor and measurement system. The water
phase of the fluid is tap water at room temperature, and
the oil phase is No. 3 industrial white oil (density is 801
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kg/md, viscosity is 2.8 mPa s). The actual total flow Qp
and water cut K, can be obtained through the peristaltic
pump. Before each experiment, the pump is calibrated to
ensure a same initial value of each working condition. A
high-speed camera is used to capture the flow structure
which is installed 150 cm above the vertical pipe entrance.
The distance can ensure the fluid fully developed prior to
measurement. After measurement, the fluid eventually
flows into the mixing tank for separation to use again. In
the experiment, the total flow Qm of oil-water flows
varies from 2 m®%d-9 md%d, corresponding mixture
velocity U, range of 0.073 m/s-0.332 m/s, and the water
cut varies from 50% to 100%.
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Figure 2: The experiment setup: (a) schematic diagram of the

experimental oil-water flow loop; (b) sensor system.

2.2 Flow patterns

According to the images taken by high-speed camera,
four oil-water flow patterns can be observed in the
experiment: Very fine bubble flow, bubble flow, slug
flow and transition flow, as shown in Fig. 3. When Qn is
low, the slippage between oil and water phases is
significant, therefore, the small oil bubbles tend to
coalesce and form large oil slugs, and most of oil slugs
are located in the pipe center. What’s more, there are a
certain number of oil bubbles below oil slugs, which form
the tail structure. In this case, the corresponding oil-water
flow pattern is slug flow (Fig.3 (a)). With the increase of
Qm, the turbulent kinetic energy of the mixed fluid
gradually increases, and bubble flow occurs (Fig.3 (b)).
At this time, large oil slugs are broken into smaller oil
bubbles. In addition, the number of oil bubbles in the pipe
is gradually increased and the diameter of oil bubbles is
various, resulting in a complex flow behavior. With the
further increase of Qm, the oil bubbles are further broken
into very fine ones under the condition of extremely high
water cut, and the flow pattern of oil-water two-phase
flow evolves into very fine bubble flow (Fig.3 (c)). When
Kw is low and Qn is high, transition flow appears (Fig.3
(d)). Alternating flow structures with oil as the
continuous phase and water as the continuous phase are
obtained. When the oil phase is continuous, large water
bubbles appear in the pipe, but the duration of the
continuous oil phase is very short. When water is a
continuous phase, the oil phase flows upward in the
center of the pipe in quasi-slug structures, while the water
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pase is distribe in the local area of the pipe and
contains a certain number of oil bubbles.

(a) = 0 0737 mis, K,=70% Slug flow

) U,=0.2580 m/s, K,=96% Very fine bubble flow  (d) U,=0.2580 m/s, K,,=55%, Transition flow

Flgure. 3: Snapshots of experimental flow patterns captured by a high
speed camera in vertical oil-water two-phase flow pipes
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Figure 4: The output signals from the conductance sensor with inner-
outer multi-height ring electrodes

The output signals of the conductance sensors are shown
in Fig. 4. For slug flow, the output signal shows the
characteristic of alternating high level and low level
periodically. The small fluctuation of the high-level
signal indicates the existence of small oil bubbles in the
continuous water phase, and the small fluctuation of the
low-level signal indicates the influence of the liquid film
on the part of the oil slug. For bubble flow, a large
number of downward spikes appear in the measured
signals, and the distribution is approximately random and
uniform. For very fine bubble flow, the uniform
distribution of the fluid makes the fluctuation of output
signal very small. For transition flow, due to the increase
of oil phase, the output voltage is reduced, and has a
periodicity similar to that of slug flow, but the signal
fluctuation frequency increases and the response time of
oil slug is shorter. In addition, with the increase of total
flow velocity and the decrease of water content, the
signal fluctuation becomes more severe.

Based on the above analysis, the flow pattern map of oil-
water flows is obtained as shown in Fig. 5. The horizontal
axis and vertical axis represent the mixture velocity Up,
and water cut Ky respectively. It can be seen that slug
flow is basically located in the region of lower Un,. When
the water cut exceeds 70%, the flow pattern gradually
evolves to bubble flow with the increase of mixture
velocity. VFD O/W occurs at the working conditions of
high Un and very high K. When the water cut is less than
65%, the transition flow pattern appears.
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Figure 5: The flow pattern map of oil-water flows in vertical pipe.

3. Results and discussions

3.1 The mixture velocity of oil-water flows

The cross-correlation velocity of oil-water flows can be
calculated based on the upstream and downstream sensor
signals x(t) and y(t) [19]:

R, (7) = hlligl%I‘X(t)y(t+r)dt )]

where N is the integration time, and the transit time zo
corresponds to the ¢ for max R (z), and the cross-

correlation velocity is U =L/z,. L is the distance
between upstream and downstream sensors.

In order to make the measurement accuracy of U higher,
appropriate sample frequency should be adopted [23, 24].
In this experiment, the maximum Uy, at the inlet of the
pipe is 0.33 m/s, and the velocity through the annular
space of the center body is not more than 0.44 m/s. To
ensure that the maximum relative error caused by the
measurement frequency does not exceed 0.05%, the
sample frequency is determined as 20 kHz.
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Figure 6: The cross-correlation functions based on the signals from
conductance sensors with inner-outer multi-height ring electrodes
under typical oil-water flow conditions

The calculation results of cross-correlation method are
shown in Fig. 6. It shows that there is a satisfactory
correlation between two sensors indicating that the flow
structure between the two sensors keeps the same. And
the introduction of the center body effectively weakens
the influence of non-uniform distribution of the fluid. Fig.
7(a) shows the calculation results of Ug, similar to gas-
liquid flow [23], for the same U, the transit time
increases with the decrease of water cut, leading to a
decrease of Ucc. For the same water cut, the transit time
decreases with the increase of Up, resulting in the
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increase of Uc. And the cange rule o Uee under
different flow patterns tends to be consistent, indicating
that the conductance sensor has the ability to capture

global structural waves of oil-water flows.

4
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Figure 7: The measured cross-correlation velocity with inner-outer
multi-height ring electrodes: (a) the cross-correlation velocity U
versus the mixture velocity Un, and water cut K,; (b) the prediction
accuracy of mixture velocity.

According to the research of Kyt&dmaa and Brennen [25],
the cross-correlation velocity U is equal to the velocity
of kinematic wave Uyy. But Uy is not equal to the Uy, of
the fluid because of the slippage effect and the interaction
between oil and water phases. In the study of bubbly oil-
in-water flows, Lucas and Jin [26] found the following
relationship of Uy, to the Uy and Yo:

Uy =Up, = Gl 7,0, S04, 01 1Y, (1)
=(Ca Y, U, U, @), en) P
=C'U, +U"

where Cy; represents the phase distribution coefficient, n
is the droplet size exponent, and U.. the terminal velocity
of a single droplet in infinite still water. Therefore, the
relationship between U and Uy is influenced by the
phase distribution characteristic and oil content.
According to the cross-correlation velocity in Fig. 7(a),
for a fixed Un, there is a linear increasing relationship
between the cross-correlation velocity and the water cut.
In this paper, C* and U" in Eq. (3) are linearly fitted in
combination with water cut, and the mixture velocity Un,
is finally obtained:

U= Ye —(0.15278K, —0.0444) .
" 0.68712-0.04856K, (3)

In order to evaluate the accuracy of the conductance
sensor to the measurement of oil-water flows, two
statistical indexes [23]: The absolute average percentage
deviation (AAPD) and the absolute average deviation
(AAD), are introduced in this paper. Fig. 7(b) shows the
prediction result of mixture velocity under each working
condition. We can see that the prediction results of U,
have high precision, basically within the total error line
of £8%, the AAPD of 1.37% and the AAD of 0.005 m/s.

3.2 Water holdup
The change of water holdup and flow structure will lead
a variation of mixture conductivity of oil-water flows.
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For conductance sensors, Maxwell formula [27] can be
used to calculate the holdup of dispersed phase according
to changes in conductivity. For the oil-water flows in
which water is the continuous phase, the dispersed phase
is the oil phase, so the oil holdup Y, can be calculated
according to Maxwell formula:

On -0y -Y O, -0y

(4)

o,+20, °o,+20,

where o, and o, are the conductivity of oil and water
phases, respectively, and Y, =1-Y, . For the
conductance sensor adopted in this paper, o,, /o, can

be expressed by the measured voltage, the apparent water
holdup can be written as follows:

YW = 3 = 3 (5)
1+2/ (o, /0,) Vi -V,
Vref 'Vm

where V,,; is the voltage of the reference resistor, Vp is

the output voltage of the sensor, V,' is the voltage
corresponding to pure water.

Based on this, the calculation results of water holdup
under different working conditions are shown in Fig. 8.
It can be seen from the figure that, in general, the sensor
has a good resolution in the measurement of water holdup
under working conditions. When the Uy, is low, large
slippage between oil and water phases lead to greater Yy
compared with Ky. And when the Ky is low, the Yy,
decreases with the increase of Un,. When the Uy, exceeds
0.25 m/s, the slippage effect almost disappears. It is
worth noting that when the Ky is greater than 90%, the
measurement of Yy, is almost not affected by the Up,
which indicates that the sensor still has a good effect on
the measurement of water holdup of oil-water flows with
low-velocity and high water-cut. This is because the
center body plays the role of collecting flow, which
weakens the influence of uneven distribution of oil phase
on water holdup measurement. In addition, the collecting
effect also increases the turbulent kinetic energy of the
fluid which increase the number of oil bubbles in the
annular space, making Maxwell formula suitable for a
wider range of water holdup measurement.
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Figure 8: The response of water holdup in case of mixture velocity and

water cut.

3.3. Superficial velocity of oil-water flows
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After the water holdup and mixture velocity of oil-water
flows are calculated, drift velocity models are proposed

to predict the phase superficial velocity of oil-water flows.

The drift-flux model is proposed by Zuber and Findlay
[28] to study the slippage effect among incompatible
fluids. For oil-water flows, the drift-flux model can be
expressed as follows:

USO Um
n :CO n
Y, (1-Y,) 1-Y)

+U (6)

Equation 6 shows that C, and U. are the linear
parameters of Uso/Yo(1-Yo)" and Un/(1-Yo)", which are
influenced by flow patterns. Therefore, the drift velocity
models based on different flow pattern are established in
this paper, as shown in Fig. 9. For different flow patterns,
appropriate droplet size exponent n is selected to obtain
a satisfactory linear relationship between Usy/Yo(1-Yo)"
and Un/(1-Yo)".
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Figure 9: U,,/Y,(1-Y,)" versus U,/(1-Y,)" for different flow patterns

Therefore, the drift velocity models for three flow pattern
can be expressed as follows:

1.778U,, +0.026(1-Y,)**, Bubble
U
v 131U, +0.2(1-Y,)°, Slug ©)
° 12U, +0.25(1-Y,)%,

However, for very fine bubble flow, the slippage effect is
very weak due to the large mixture velocity, and the oil
phase is evenly distributed in the water phase of the pipe.
When the drift velocity model is used to characterize the
slippage, it is found that the error is very large. Therefore,
we directly establish the relationship between Y, and K.
K, =1.8403Y, —0.85 can be obtained by linear fitting,

the superficial velocity of oil phase for very fine bubble
flow can be expressed by the following formula:

U, =U,(1-K,)=U, (185-1.84Y,) 8)

Transition

By substituting the phase holdup Y obtained by the
conductance sensor system and Uy, obtained by the cross-
correlation method into Equations (7) and (8), the
superficial velocities of oil and water phases under four
different flow patterns can be obtained satisfactory, as
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shown in Fig. 10. The AAPD and the AAD of U, are
1.67% and 0.0027 m/s, respectively, and those of U, are
1.6% and 0.0052 m/s. Compared with the four-sectors
structure [13], the sensor structure renders the electric
field distribution more uniform and improves the
measurement sensitivity. In addition, compared with the
combination of different sensors in references [6] and
[21], the introduction of the center body of the sensor
makes the effect of the sensor collector obvious, which
leads to a wider measurement range of water content.
Furthermore, in the measurement of oil-water flows with
water as continuous phase, the sensor has achieved good
measurement effect on the prediction of total velocity,
superficial velocity and water holdup of four different
flow patterns.
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Figure 10: The prediction accuracy of superficial velocity of oil and
water phases

4. Conclusion

In this paper, a conductance cross-correlation flowmeter
with center body is used to measure the vertical upward
oil-water flows in a 20 mm pipe. For the water continuous
oil-water flows with low velocity, complex flow structure
has great influence on flow measurement. Therefore, we
first capture the flow pattern based on the dynamic
experiments, four flow patterns under experimental
conditions are identified. What’s more, the drift velocity
models under different flow patterns are constructed. The
result shows that the conductance sensor structure
renders the electric field distribution more uniform and
improves the sensitivity of the measurement. Moreover,
it can obtain both water holdup and mixture velocity of
oil-water flow with high accuracy. The AAPD and the
AAD of oil phase superficial velocity are 1.67% and
0.0027 m/s, respectively. And those of water phase
superficial velocity are 1.6% and 0.0052 m/s. The
conductance sensor is not only suitable for gas-liquid
flow measurement but also achieves good flow
measurement accuracy in oil-water flows.
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