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Abstract

In the oil industry, it is important to measure gas/oil/water flows produced from oil wells. To
determine oil production, it is necessary to measure the water-in-liquid ratio (WLR), liquid
fraction and some other parameters, which are related to multiphase flow rates. A research
team from the University of Manchester and Schlumberger Gould Research have developed an
experimental apparatus for gas/oil/water flow measurement based on a flow-conditioning
device and electrical capacitance tomography (ECT) and microwave sensors. This paper
presents the ECT part of the developed apparatus, including the re-engineering of an ECT
sensor and a model-based image reconstruction algorithm, which is used to derive the WLR
and the thickness of the liquid layer in oil-continuous annular flows formed by the
flow-conditioning device. The ECT sensor was tested both at Schlumberger and on
TUV-NEL’s Multiphase Flow Facility. The experimental results are promising.

Keywords: multiphase flow measurement, gas/oil/water flows, water-in-liquid ratio, liquid

fraction, electrical capacitance tomography

(Some figures may appear in colour only in the online journal)

1. Introduction

In the oil industry, it is important to make an online
measurement of gas/oil/water flows, using multiphase flow
meters (MPFMs) (Xie et al 2007). To obtain the production
flow rates of oil and produced water, it is necessary to measure,
directly and/or indirectly, the water-in-liquid ratio (WLR),
gas or liquid fraction and phase velocities. A number of
MPFMs have been developed by research organizations and
companies, with different measurement technologies. While
those MPFMs are commercially available, there are still some
challenging problems, such as the sensitivity of phase-fraction
measurements to variations in multiphase flow regimes and in
the fluid properties. Therefore, multiphase flow measurement
is still an ongoing research topic, aiming to improve the
robustness of the online measurement of unprocessed oil well
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streams, to monitor continuous production of each oil well
and to provide a low-cost MPFM solution, which is especially
needed for marginal-field production monitoring. Some other
applications of MPFMs include production optimization, flow
assurance, well testing, production allocation metering, fiscal
or custody transfer measurements and wet gas (Norwegian
Society for Oil and Gas Measurement 2005).

Multiphase flow is a complex phenomenon, which is
still difficult to fully understand, predict, model and measure
accurately. The multiphase flow regime varies, depending
on operating conditions, fluid properties, flow rates and the
orientation and geometry of the pipe through which the fluids
flow. The spatial and/or temporal distribution of the fluid
phases differs for various flow regimes, and is usually beyond
human control, although the transition between different flow
regimes may be a gradual process. In terms of gas and liquid
superficial velocities, naturally occurring (fully developed)
flow regimes can be grouped into dispersed flow, separated
flow, intermittent flow or a combination of these as the physical
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parameters, e.g. density, viscosity and surface tension of the
liquid phases, affect the flow regimes (Norwegian Society for
Oil and Gas Measurement 2005).

Another way to broadly classify the multiphase flow
regime is by the gas volume fraction (GVF) at line pressure
and temperature conditions, which is the gas volumetric flow
rate divided by the gas-liquid total volumetric flow rate.
This classification method is relevant to multiphase metering
because a meter designed to measure gassy liquid (with a few
percentage of gas) would be significantly different from one
designed to measure wet gas (Rajan et al 1993).

In this research, a flow-conditioning device is used to form
predominately a gas—liquid annular flow, aiming to minimize
variation in flow regime over a wide range of GVFs. A flow-
metering Venturi is used to increase centrifugal acceleration
at its throat relative to the induced swirl at the Venturi inlet. It
has been envisaged that this could enhance the displacement
of the liquid to the inner pipe wall within the Venturi throat
section and reduce gas entrained in the liquid, enabling a
more accurate liquid flow rate measurement by measuring
its physical properties, such as the WLR and the thickness
(fraction/holdup) of the liquid layer.

It is well known that an oil/water flow can be oil-
continuous or water-continuous, depending on the WLR, the
density and/or viscosity of oil and water, and the presence
of other chemicals such as surfactant, and to some extent on
the total flow rate. Although it is difficult to predict the exact
phase-inversion point, it has been known that an oil-continuous
flow may correspond to a WLR range as narrow as 0-30%, or
as broad as 0-70%. In an oil-continuous case, it is possible
to measure the oil/water flow by measuring capacitance.
However, the problem with conventional capacitance sensors
is that the capacitance measurements by such conventional
sensors are flow-regime-dependent (Falcone ef al 2010).

Electrical capacitance tomography (ECT) can provide the
permittivity distribution of an oil-continuous flow, which is
electrically non-conductive (Xie et al 1992, Yang et al 1995,
Ismail et al 2005). In the case of a water-continuous flow,
microwave sensors may be used to measure the dielectric
properties based on transmission (Xie 2006). Therefore, it is
possible to combine ECT with microwave sensors to deal with
a large range of WLR. This paper will describe a method of
using ECT to measure oil-continuous flows.

2. Method

2.1. Principle of ECT

ECT has been developed for imaging industrial processes
containing dielectric materials (Huang et al 1989), by
obtaining a permittivity distribution derived from the measured
capacitance of multiple electrode pairs, where the changes in
capacitance C (electric charge Q) are caused by the change
in permittivity distribution. The relationship between the
capacitance and the permittivity distribution can be expressed
by the following equation (Xie et al 1992):
Q

1
c=2= V//rm,y)vmx,y)dr 0

Figure 1. Photo of the eight-electrode ECT sensor.

where ¢(x, y) is the permittivity distribution in the sensing
field, V is the potential difference between two chosen sensing
electrodes and ¢(x, y) is the potential distribution.

A typical ECT sensor consists of 8 or 12 electrodes (Xie
et al 1992) evenly mounted on an insulating liner section of a
pipe. When one of the electrodes is excited in turn and other
electrodes are kept at zero potential, a total of N/(N-1)/2
independent capacitance measurements can be made where
N is the number of electrodes. For example, with an eight-
electrode ECT sensor there are 28 independent capacitance
measurements in total. The cross-sectional distribution of
permittivity is obtained from these capacitance measurements
using image reconstruction algorithms, e.g. linear back
projection (LBP) (Xie et al 1992), Landweber iteration (Yang
and Peng 2003) or model-based algorithm (Isaksen and
Nordtved 1993).

In this work, an AC-based ECT system (Yang and York
1999) is used to take measurements from an eight-electrode
ECT sensor. The data sampling rate is ~100 frames s~
The excitation frequency is 140 kHz and the excitation
amplitude is 14 V. The eight-electrode ECT sensor is shown
in figure 1. It is made by Schlumberger Gould Research
(formerly Schlumberger Cambridge Research—SCR). The
measurement section is 52 mm in inner diameter and 100 mm
in axial length (mainly made of 316 stainless steel). The eight
electrodes are 50 mm in axial length and 25 mm in width with
the electrode angular size of ~42°. They are mounted evenly
around the outside of a PEEK tube liner of 8 mm wall thickness
(dielectric constant ~3.2).

2.2. Quantification of WLR

With a gas/oil/water flow, capacitance can be measured from
multiple electrodes surrounding a cross-section of a pipe,
and the phase fraction of the fluid mixture of gas, oil and
water can be potentially determined from the reconstructed
permittivity distribution as the permittivities of the gas, oil
and water are known to be ~1.0, ~2.2 and ~80, respectively
(although the permittivities of oil and water are also a function
of composition, pressure and temperature). ECT is suitable for
measuring oil-continuous multiphase flows, because in this
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case water is dispersed in oil in the liquid phase and the liquid
is non-conductive.

To calibrate the ECT system, raw capacitance
measurements for low calibration, C;, (28 for an eight-
electrode system) are normally made by using a material with
known low-permittivity (&;) (such as an empty pipe with air or
dry gas), followed by raw capacitance measurements for high
calibration, Cp,, by using a material of known high permittivity
(ey) (such as full-pipe oil or an oil-water uniform mixture with
a known WLR).

In this work, the following series-capacitance normaliza-
tion model (Yang and Byars 1999) is used to derive the nor-
malized capacitance C, from the raw capacitance C,,:

= UG- LG o
/G —1/C
The permittivity of a homogeneous oil-continuous oil/water
mixture depends on the WLR, which can be expressed by
Ramu-Rao’s model (Xie 2006):
1 +2WLR
Eliquid = Eoil T o 3)
where &jquiq is the permittivity of the oil/water mixture, and
&oi1 18 the permittivity of oil.

Here the assumption is that the liquid in the sensing field of
the measurement system is a homogeneous mixture of oil and
water. If such an assumption is not true, then deriving the water
fraction or WLR from the measured (apparent) permittivity
using a homogeneous mixing model may result in inaccurate
results.

For the gas-liquid annular multiphase flow,
permittivity of the gas—liquid mixture can be modelled as

Em = O[iriquiclgliquid + (1 - aﬁquid)ggas (4)
where a;quig is the liquid volume fraction (or holdup), &gy is
the permittivity of gas and x is an empirical parameter, which
is also measurement path dependent.

Equations (3) and (4) imply that the permittivity of the
gas-liquid flow is related to the WLR and liquid holdup
Qliquia- Using ECT with multi-view mixture-permittivity
measurements, it is possible to measure these parameters (to
be discussed).

To measure the oil/water mixture with various WLRs,
the ECT sensor was calibrated using the oil/water mixture
with WLR = 0.35. In this case, the measured normalized
capacitance C, for full-pipe oil (WLR = ~0, GVF = 0) is
0.65 and increases almost linearly with the increase in WLR
up to WLR = ~0.35. The nonlinearity effect of the pipe-
wall capacitance can be excluded in the measured normalized
capacitance C, as follows.

Let us assume that the effective capacitance of the
insulating pipe wall (8§ mm thick PEEK material) (C,) is
in series with the fluid (unknown) capacitance C, and that
C,, is stable. The measured raw capacitance of the unknown
fluid/pipe system (C,) and that of the low-permittivity
calibration material (C;) and the high-permittivity calibration
material (Cp,) are then

1/Cm = 1/Cw + I/Cx (&m)
1/Cl= 1/Cw+1/cx (&1) ()
l/Ch = l/Cw + l/Cx (Sh)~

the

The normalized capacitance C, according to equation (2) hence
becomes
_ (1/Cy +1/Ci(em)) — (1/Cy + 1/Ci(&1))
" (1/Cy + 1/Ci(en)) — (1/Cy + 1/Ci(e1))
_ l/Cx(gm) - 1/Cx(81) (6)
1/Cx(8h) - l/Cx(Sl) .
In this way, the wall capacitance C,, is removed in the measured
normalized capacitance C,, by the use of the serial-capacitance
model.
The fluid only (unknown) capacitance C, can be assumed
to be proportional to the dielectric constant ¢, of the bulk fluid
(where k are proportional constants), namely

C.(en) = key,. @)
The low-calibration (g,, = ;) capacitance and high-calibration
(em = €5) capacitance become

C (&) =ke

Ci Esi)) = kslh. ®)
The measured normalized capacitance C, can then be related
to the ultimately desired flow-mixture permittivity &,,:

_ Y/ Ci(em) = 1/Celer) _ 1/em —1/g

C, = = . C))
1/Cc(en) — 1/Ciler)  1/en— 1/
Rearranging equation (9) we have
1
Em (10)

C,(1/ep, —1/e) + /e
The purpose of the new inversion steps as described above
is to achieve a physics-based quantification of WLR from
the raw capacitance measurements by (1) converting the
measured normalized capacitance C, to a corresponding
mixture permittivity &,,, and by (2) converting &,, to WLR (and
gas/liquid fraction) for the oil-water (and gas—liquid) mixture,
based on a dielectric mixing law(s). The outcome of the key
step (1) also permits a more quantitative reconstruction of the
mixture permittivity image based on the multi-view &, data, for
liquid-liquid and gas—liquid flows, rather than a conventional,
qualitative grey- or colour-level image reconstruction based
on the normalized capacitance C,. The new quantitative
image reconstruction method based on equation (10) is shown
in figure 2. In this approach, the mixture permittivity &,
(rather than C,) is used as the input to the modified LBP
algorithm and/or the correspondingly modified iterative image
reconstruction algorithms (Yang and Peng 2003) to overcome
the distribution-dependent ‘soft-field” effect. The output of the
reconstruction of the mixture-permittivity distribution ¢,,(x, y)
can be used as the (optional) input to WLR and/or gas-fraction
interpretation.

2.3. Model-based image reconstruction algorithm

As mentioned before, in this research, a flow-conditioning
device is used to form annular gas-liquid flows. A model-
based image reconstruction algorithm is used to quantitatively
derive the WLR and the thickness of the liquid layer (k) of
the annular flows. The LBP algorithm is also used to generate
images for the real-time monitoring purpose. Starting from an
LBP image the initial # and WLR can be obtained and the
model-based algorithm further modifies the results iteratively.
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Figure 2. New inversion steps of permittivity image reconstruction and derivation of WLR and liquid fraction.

Figure 3(a) shows the eight-electrode ECT sensor for
calculating capacitance from a given gas-liquid annular
permittivity distribution based on the finite-element method
(FEM). Figure 3(b) shows the block diagram of the model-
based image reconstruction algorithm based on previous
research work (Isaksen and Nordtved 1993, Isaksen et al 1994).
An optimization routine is used to minimize the discrepancy
between the FEM simulated capacitance and the measured
capacitance.

From an initial image obtained from LBP, the normalized
capacitance C, g, is calculated based on the serial-capacitance
model given by equation (2) and compared with the
corresponding measured normalized capacitance C, me,. The
difference is used as the input to an optimization routine, to
modify the distribution with the annular-flow parameters (i.e.
WLR and h). The capacitance is re-calculated from the new
distribution, and new C, s, will again be compared with C,, me,.
The iteration process continues until an acceptable minimum
difference between C,, sjm and C,; e, is found.

The optimization routine is based on the Levenberg—
Marquardt algorithm (Isaksen and Nordtved 1993, Isaksen et al
1994):

F(B) = Z (fi (B)* = ||f<ﬁ>||%

fi (B) —CS"“ (ﬂ) an

where N is the number of capacitance measurements; the g
variables include the flow parameters to be determined (i.e.

mea
Ci

WLR and ). Because the number of flow parameters is less
than the number of capacitance measurements, it is possible
to obtain a determined solution.

In the case of an axis-symmetrical annular flow
distribution, only four independent capacitance-measurement
groups (Wang et al 2009, Yang et al 2004) can be obtained,
i.e. from adjacent pair, one-electrode apart, two-electrode
apart and opposite pair. Note that the number of capacitance-
measurement groups is sufficient to determine the two
unknowns. In this research, the axis-symmetrical gas core
is largely generated in horizontal swirl flows, where the
centrifugal force is much greater than gravity and hence the
eccentricity of the gas core can be ignored.

3. Initial test in Schlumberger

The designed measurement system was initially tested on a
flow loop in Schlumberger Gould Research to evaluate the
performance of the ECT sensor. The ECT sensor was mounted
on a horizontal Perspex pipe with ID = 50 mm and OD =
60 mm. Data were collected from 60 s running for each
flow condition. The mixture fluid with low-viscosity (~2 cP)
kerosene (eq & 2.2), local tap water (€yaeer & 79) and nitrogen
gas was used. The flow mixture of gas, oil and water in the
test section passed horizontally through the sensor section as
shown in figure 4.

The tested GVF range was from 0% to ~80% with line
pressure up to about 2 bar. The total liquid flow rate Q; was
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Figure 3. ECT sensor model and model-based iterative algorithm..

Figure 4. ECT sensor on Schlumberger’s flow-loop.

10-30 m* h~!. For a horizontal flow, the flow-conditioning
device is located upstream of the Venturi section to form a
largely axis-symmetrical gas—liquid annular flow. Figure 5
shows the time-average normalized capacitance measurements
C,, for the gas/oil/water oil-continuous flows. The ECT sensor
was calibrated online with the oil/water mixture with WLR =
30% (at GVF = 0, and a high liquid rate of 9; =30 m*h~! to
ensure good mixing) and full-pipe air with ¢ = 1.0.

The reasons behind selecting the high calibration point
with WLR = 30% were that (1) it was difficult to mix
kerosene and water very well when the WLR increased
beyond 30% (note that the phase-inversion WLR for the low-
viscosity kerosene and water mixture is around 35%), and
(2) the capacitance measuring electronics would be short-

circuited due to the high conductivity of the mixture fluid.
As indicated in figure 5(a), when the gas/oil/water flow had
a low liquid flow rate (i.e. Q; = 10 m® h™!) and a high
WLR (i.e. WLR > 30%), some capacitance measurements
presented negative values, indicating that oil and water were
not well mixed and a water-rich layer existed in a near pipe
wall region. With the increase in liquid flow rate, i.e. Q; =
20 and 30 m® h~!, GVF = 0, the flow velocity increases, the
mixture of the oil/water oil-continuous is more uniform and
accurate capacitance measurements can be obtained.

Figure 5 also indicates that with the increase in the WLR,
the measured capacitance increases for flows with the same
GVE. With the increase in GVF, the measured capacitance
decreases for flows with a fixed WLR. For a flow with a lower
GVF (e.g. < 0.25), the ‘one-electrode apart’ capacitance is
mainly sensitive to the WLR, because such a flow has a thick
liquid layer, the sensing region of the ‘one-electrode apart’
electrode pairs mainly cover the near-wall region, hence the
effect of the gas core reduces. However, both WLR and GVF
affect the ‘opposite-pair electrode’ cross-pipe measurements.

Figures 6(a) and (b) show the calculated thickness (%) and
the WLR of the liquid layer of the gas—liquid oil-continuous
flows by the model-based iterative algorithm. With the increase
in GVF, the estimated & decreases, see figure 6(a). Note that
there was a varying-size gas core when GVF = 0 due to the
trapped gas in the flow loop. Since there is no reliable reference
to calibrate the thickness measurement, the accuracy of this
measurement cannot be defined for the test. The deviation
between the estimated WLR and the reference WLR is less
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Figure 5. Normalized capacitance based on 60 s time-average
results.

than 4 5% absolute. As shown in figure 6(b), when the flow
has a high WLR (i.e. 30%) and low liquid flow rate (i.e.
0; = 10 m3® h™"), the error of the estimated WLR is more
than 5%. This corresponds to the intermittently oil- and water-
continuous, non-uniform oil-water flows.

4. Test in TUV-NEL

4.1. Test facilities

A redesigned eight-electrode ECT sensor (see figure 1) was
tested as part of the experimental apparatus on TUV-NEL’s
Multiphase Flow Facility with crude oil and salty water.
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Figure 6. Time-average ECT measured results from the model-
based algorithm.

Figure 7(a) shows the facility consisting of a three-phase
separator, which contains working bulk fluids, and a test loop
section. Oil is supplied from the separator to the main oil
pump and then to the reference oil flow metering section. Oil
and water are re-circulated around the test facility using two
variable speed pumps. The sampling loops provide information
on any cross contamination in the oil and water process
streams. Heat exchangers are used to stabilize the temperature
of the working fluid, ~40 °C.

The mixture fluid with crude oil (i.e. Forties/Oseberg
crude and Exxon D80) with g,; = 2.2 and water with &yaer &
75 passes through the test section. The viscosity of crude
oil at 40 °C is ~9 cP. The salinity of water for the test is
~50 g L~! (MgSOy,). Nitrogen is used as the gas phase and
can be delivered up to 0.3 kg s~! by evaporation of fluid
nitrogen on demand (Ross ef al 2010). The mixture fluid of
gas, oil and water in the test section runs horizontally to the
ECT sensor (see figures 7(b) and (c)). GVF ranges from 0%
to ~95% with a total liquid flow rate of 1040 m* h™!. For
horizontal pipe flows, the flow-conditioning device is located
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Figure 7. ECT sensor on TUV-NEL’s Multiphase Flow Facility.

upstream of the Venturi section, to generate gas—liquid flows
with an axis-symmetrical gas core. The ECT sensor section is
located at the Venturi throat section with the inner radius of
about 26 mm. The inlet line pressure is up to 7 bar.

4.2. Measurement of oil /water oil-continuous flows

In this case, GVF = 0 and well-mixed oil/water mixture
with varying WLR was measured. Three different flow
conditions were tested: horizontal swirl flows with the
flow conditioning device, horizontal non-swirl flows without
the flow conditioning device and vertical non-swirl flows.
The phase-inversion transition point between oil-continuous
and water-continuous flows can be at WLR = 50-60%.
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Figure 8. ECT results of horizontal swirl and non-swirl oil/water
oil-continuous flows, total liquid flow rate Q; = 40 m* h~".

The capacitance electrodes can be short-circuited by water-
continuous liquid if WLR > 50% with a sufficiently high bulk
liquid conductivity. It was also observed that the response
of the capacitance sensors became increasingly non-linear as
WLR increased beyond 35%, see figure 8(a). Therefore, in this
work, for calculating normalized capacitance, an oil/water
(well-mixed) flow with WLR = 30 or 35% was used for
high calibration and an oil flow (with WLR~0%) for low
calibration.
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In figure 8(a) we can see that for the three different
electrode-pair groups (‘one-electrode apart’, ‘one-electrode
apart’, ‘opposite-electrode’), and for both swirl and non-
swirl horizontal flows at a relatively high total flow rate of
~40 m? h™! (to ensure good mixing between oil and water),
the time-average (over ~60 s) normalized capacitance C,
increases almost linearly with the increase in WLR up to WLR
= ~0.35.

Figure 8(b) gives the corresponding oil-water mixture
permittivity (&,,) (plotted against the reference WLR) derived
using equation (10) from the measured normalized capacitance
(see figure 8(a)). Excellent agreement with g, of the
homogeneous oil /water dielectric mixing model (equation (3))
can be observed for the WLR up to 35%. From figure 8(b),
we can see a small difference in the derived mixture
permittivity (e,,) between the swirl and non-swirl (oil-
continuous) horizontal flows with WLR up to 35%, except
that there is a marked overall underestimate in ¢, derived from
the ‘one-electrode-apart’ (near-wall region) measurements for
horizontal non-swirl flows, probably due to a non-ideal inline
empty-pipe low-calibration where there could be a thin layer
of liquid at the pipe underside. For other two groups of cross-
pipe measurements (i.e. ‘two-electrode-apart’ and ‘opposite-
electrode’), the derived WLR from ¢,,is within 4 3% for WLR
<35% (see figure 8(¢)).

For the vertical oil-water non-swirl flows, because of
the axi-symmetry and homogeneity of the vertical upward
flow, we can hardly see any difference in the permittivity of
mixture derived by ECT (g,,) with WLR up to 35%, among
the ‘one-electrode-apart’ (near-wall region) measurements, the
near cross-pipe measurements (‘two-electrode-apart’) and the
cross-pipe measurements (‘opposite-electrode’). The WLR
derived by ECT from the ¢, data is within 3% absolute,
for WLR <35%.

Since the cross-sectional distribution of the vertical
upward oil-water (non-swirl) flows, at a relatively high flow
rate of ~40 m3 h~!, is considered to be axis-symmetrical
and homogeneous, and since there is hardly any difference
in the permittivity of mixture derived by ECT (WLR <
35%), between the vertical non-swirl and horizontal swirl oil-
water flows, for the ‘one-electrode-apart’ (near-wall region)
measurements (see figure 9(a)), the ‘two-electrode-apart’ near
cross-pipe measurements (see figure 9(b)) and the ‘opposite-
electrode’ cross-pipe measurements (see figure 9(c)), the oil—
water distribution of horizontal (oil-continuous) swirl flow
is deduced to be homogeneous although the spatial average
of measurements around the pipe circumference can remove
some of the inhomogeneity in the permittivity distribution.
This provides independent evidence that there is virtually no
oil-water separation in the presence of a weak swirl that is
damped by the high-viscosity liquid.

4.3. Measurement of gas/oil/water oil-continuous flows

In this section, the WLR and liquid holdup of horizontal
swirl gas—liquid oil-continuous flows are estimated by ECT,
based on the measured data from the near-wall, near cross-
pipe (or cross-diameter) and cross-pipe electrode pairs.
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Figure 9. Data for horizontal swirl, non-swirl and vertical non-swirl
oil-water oil-continuous flows, the derived mixture permittivity

&m from the normalized capactitance by equation (10) measured
from the ECT electrode pairs. Low calibration: air; high calibration:
WLR = 30% for horizontal flows and WLR = 35% (rescaled) for
vertical flows.

From the measured time-average normalized capacitance
C, of gas-liquid swirl flows (see figure 10), the time-
average permittivity of mixture can be determined (see
figure 11) using equation (10), which can be applied to
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MEL Tests March-2011: horizontal gas-liquid swirl flows with icquiict =10-40 m>/h
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Figure 10. Plotted versus GVF of gas—liquid horizontal swirl flows with WLR up to 40%, with time-average (~60 s) normalized
capacitance C, for (a) one-electrode apart, (b) two-electrode-apart and (c) opposite-electrode. Note that some C, of ‘one-electrode apart’ are

close to saturation for WLR ~40%.

MNEL Tests March-2011: horizontal gas-liguid swirl flows with Aicyuiict =10-40 m/h
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normalized capacitance C, in figure 10, for (a) one-electrode apart, (b) two-electrode apart and (c¢) opposite-electrode. Note some ¢, of

‘one-electrode apart’ are close to saturation for WLR > ~40%.

the instantaneous normalized capacitance measured every
10 ms. Following the similar steps in figure 2, converting
the measured instantaneous normalized capacitance C,(f) to
the instantaneous permittivities of mixture &,,(f) permits a
quantitative reconstruction of the instantaneous permittivity
image e(r, t) based on ¢,(f) for dynamic gas-liquid flows
(see figure 12). Working in the mixture-permittivity parameter
domain also permits the use of appropriate dielectric mixing
models (equations (3) and (4)) for the determination of the
WLR and/or liquid holdup of gas-liquid flows.

The purpose of using an inline swirl generator (i.e. a flow-
conditioning device) upstream of the Venturi inlet is to create a

gas core and a liquid annulus at the throat measurement section.
As can be seen from the instantaneous permittivity images
illustrated in figure 12, a more steady gas core (or a smoother
liquid layer) is formed at a relatively low GVF (~25%) than at
a relatively high GVF (~63%). As expected, the permittivity
of oil/water mixture near the wall region increases when WLR
increases. The real-time images reconstructed by the LBP are
also useful to indicate gas—liquid flow regimes. Furthermore,
it can be seen from figure 11 that the near-wall measurement
(‘one-electrode apart’) at low GVFs preferentially measures
the liquid-layer mixture permittivity, especially during the
time intervals with the liquid-rich slugs passing (see figure 12,
GVF < 0.4).
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Figure 12. Left column: time-average (over ~60 s) cross-sectional images (permittivity-change colour scale e~1 = 0 to 6 as shown on the
far right) reconstructed based on the instantaneous permittivity of the gas—liquid mixture for horizontal gas—liquid swirl flows with the total
liquid rate Q; = 30 m* h~!, WLR = 10%, 20% and 30%, and GVF = 25%, 40% and 63%. Right column: corresponding to the left column,
instantaneous longitudinal images stacked with over 8 s (imaging frame rate at 100 frames s™').

Assuming that the WLR of oil/water mixture is much
more stable than the liquid holdup over a short measurement
interval (say AT = 10 s, with one or more liquid slugs passing
the sensors), this feature of near-wall localized sensing (in
space) and/or dynamic liquid—slug mixture permittivity data
capturing (in time, at a fast rate say At = 10 ms) has the
potential to yield a rolling estimate (within each AT interval)
of a short time-average permittivity of liquid &jiquia(AT).

This results in a rolling estimate of the liquid WLR by
using an oil/water (uniform) mixing model such as Ramu-
Rao’s equation (3):

Eliquid(AT) — €oil
WLR(AT) = —ameal) o

. (12)
Eliquid(AT) + 2&0il
From figure 13, it can be seen that by capturing and analysing
the permittivity of near-wall liquid—slug mixture, the WLR
can be estimated to be &+ 5% for GVF up to about 90%, WLR
up to ~40% (largely within the permittivity linearity range of
near-wall electrode pairs).

10

Regarding the estimate of the liquid holdup, figure 11
clearly indicates that, at the same WLR and GVF (>0),
the permittivity of mixture from cross-pipe (i.e. opposite-
electrode) measurement is much lower than that of the near-
wall one, because of its full interrogation of the gas core. From
the cross-pipe measurement of the instantaneous permittivity
of the gas—liquid mixture, an instantaneous and time-average
liquid holdup can be obtained by using a (non-uniform) gas—
liquid mixing model such as equation (4), with near-wall
sensed liquid permittivity as the input, namely

Hliquid () = ( )

&, () — Egas

&

Eliquid(AT) ~ Eeas

1
~ Sm(cross—pipe) () — egas ! (13)
gm(near—wall,liquid—slug)(AT) - ggas
Qliquid(AT) = (Xiquid (t € AT)) (14)
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Figure 13. Plotted versus GVF, the absolute error in WLR estimated
by ECT from the permittivity of the near-wall liquid—slug mixture
by using equation (12). Swirl flow with WLR up to ~40% (~60 s
data acquisition interval).
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Figure 14. Plotted versus LVF, the time-average liquid holdup
Qjiquia estimated by the permittivity of mixture from
opposite-electrode data using equations (13) and (14). Swirl flow
with WLR up to 50%. Ultrasound (U/S) sensor measured liquid
holdup data also shown.

where x is an empirical parameter for the gas—liquid annular-
type distribution (including with GVF = 0).

The time-average liquid holdups derived from the
permittivity of the mixture from the cross-pipe data measured
by ECT are shown in figure 14, indicating that the liquid holdup
increases with the increase in the liquid volume fraction (note
that LVF = 1 — GVF), and good agreement with some of the
liquid holdups measured by ultrasound sensors at relatively
high LVFs.

The model-based algorithm described in section 2.3 is
an alternative method to derive both WLR and liquid-layer
thickness A (hence the liquid holdup) of horizontal swirl

11
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Figure 15. Model-based time-average results of liquid-layer WLR
and thickness of flows by ECT.

gas/oil/water oil-continuous flows. A fast LBP algorithm
can provide an initial estimate of the flow parameters for
the use with the model-based iterative algorithm as shown
in figure 3(b). Due to the dynamic nature of gas-liquid
annular flows (see figure 12), the instantaneous capacitance
measurements can be used to quantitatively deduce the WLR
from liquid-rich data and the time-varying % using the model-
based algorithm. Figure 15(a) shows the resulting time-
average WLR, with an error of less than £ 5%, for WLR
up to 35% and GVF up to 95%. Figure 15(b) shows the time
average h. Consistent with the results in figure 14, h decreases
with the increase in the GVF; at GVF >0.9, & can be less than
3 mm.

5. Conclusions and discussion

This paper has described the measurement of gas/oil/water
oil-continuous pre-conditioned annular flows by ECT together
with the model-based image reconstruction algorithm. For a
well-mixed oil-water (i.e. GVF = 0, oil-continuous) swirl
flow, the WLR can be estimated to be within =+ 3% absolute,
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from ECT measurements. A new quantitative approach to
interpretation of the permittivity of mixture measured from the
normalized capacitance has been provided. This has facilitated
a quantitative estimate of the WLR and a quantitative image
reconstruction of the permittivity distribution over the cross-
section of a pipe. For oil-continuous flows tested in TUV-NEL,
satisfactory results of the WLR and liquid holdup are achieved
for the horizontal swirl (annular) flows, where oil and water
appear to be always well mixed into a homogeneous liquid
phase. By utilizing the fast measurement of the permittivity of
the liquid-rich slugs from multi-view measurements, the WLR
of the liquid phase can be estimated to be within £ 5% for
GVF up to ~90%, within the WLR measurement range of 0—
35%. With the use of appropriate gas—liquid dielectric mixing
model(s) developed in this work, the fast measurement of the
permittivity of liquid-liquid and gas-liquid mixture permits
the determination of the instantaneous liquid holdup and its
time average. The multi-view instantaneous permittivity of
mixture and spatial average has resulted in a liquid holdup
potentially more immune to the instantaneous eccentric gas
distribution.
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