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Abstract—Measurement of phase volume fractions in water-
containing multiphase flows is necessary for the optimization
of a host of industrial flow processes. Many water-containing
multiphase flows can be classified as either water-dispersed or
water-continuous mixtures. A recently developed approach based
on Hanai’s mixture formula and utilizing electrical capacitance
tomography (ECT) sensors have shown good potential for ob-
taining water volume fraction estimates in two-phase water-
containing flows with different water salinity levels. However, the
proposed approach was investigated via controlled experiments
restricted to static configurations while, in practice, multiphase
flows can be dynamic and unpredictable. In this work, we
perform a flow loop study of the proposed ECT-based method
for volume fraction estimation in oil-water two-phase flows.
We evaluate the performance of the proposed method in both
water-dispersed and water-continuous flow regimes by employing
different types of capacitive sensors in cylindrical arrangements
and in parallel-plate rectangular arrangements.

Index Terms—Electrical capacitance tomography, two-phase
flows, water-cut, capacitive sensors, cross-plane measurements,
process tomography, real time sensing.

I. INTRODUCTION

MEASUREMENT of water volume fraction in multi-
phase flows is a common and challenging problem

encountered across a wide range of industrial processes [1]–
[4]. The ratio of the water volume compared to the total
volume of liquid in the flow is often dubbed the “water cut”.
Several potential sensor modalities are available to monitor
multiphase flows such as electrical capacitance tomography
(ECT), displacement-current phase tomography (DCPT), elec-
trical impedance tomography (EIT), X-Ray, MRI, and optical
probes. Although accurate, X-Rays and MRI are expensive
and optical probes are intrusive to the flow and may not be
suitable in many industrial flow settings [5], [6]. ECT is a
low-cost and non-intrusive alternative suitable for deployment
in harsh industrial environments [7]–[18]. However, volume
fraction determination in multiphase flows is a challenging
problem for ECT especially when high water volume fractions
are present. The difficulties arise mainly due to the high
conductivity and permittivity of water [19]–[25]. In addition,
the permittivity and conductivity of water depend on the
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salinity level [26], [27]. For two-phase flows, this challenge is
somewhat mitigated by the fact that the constitutive properties
of a two-phase mixture at sufficiently low frequencies depend
primarily on the volume fraction and constitutive properties of
the continuous phase [28]–[33].

In a previous work, we considered an approach using
Hanai’s mixture formula and ECT sensors to estimate the
volume fraction in both water-dispersed and water-continuous
two-phase flows [34]. The proposed approach was evaluated
using simulations and preliminary controlled experiments in-
volving static configurations. However, real-life monitoring
of multiphase flows requires consideration of dynamic flows.
Recently, a flow loop study of a deep learning-based water
dispersed/continuous classifier for water-containing flows was
carried out in [35]. The preliminary study in [35] was focused
on the classification problem only and restricted to traditional
ECT sensor configurations. In the present work, we evaluate
the method considered in [34] for the quantitative monitoring
of water volume fraction levels in two-phase flows using
flow loop controlled experiments with two different types of
capacitive sensors, viz. a traditional cylindrical ECT sensor,
and a parallel-plate rectangular capacitance sensor. The present
study provides further insight into the capabilities of the
proposed method for the measurement and monitoring of water
cuts in two-phase industrial flows.

II. METHOD OF ANALYSIS

Hanai’s formula for complex dielectric, an extension of the
Bruggeman formula, can provide an accurate estimation of
the complex permittivity of homogeneously dispersed mixtures
with possibly conducting phases [36], [37]. Hanai’s formula
for the complex dielectric of a mixture is given implicitly as:(

ε∗d − ε∗c
ε∗d − ε∗m

)3
ε∗m
ε∗c

=
1

(1− ϕd)3
=

1

ϕ3
c

, (1)

where ε∗d, ε∗c , and ε∗m are the complex permittivities of the
dispersed phase, the continuous phase, and the mixture, re-
spectively. Moreover, ϕd is the volume fraction of dispersed
phase and ϕc = 1 − ϕd is volume fraction of the continuous
phase. When ε∗d � ε∗c , Eq. (1) is valid for 0 ≤ ϕd . 0.4;
and when ε∗d � ε∗c , Eq. (1) is valid for 0 ≤ ϕd . 0.6 [28].
If we denote the (angular) frequency of operation as ω, the
free-space permittivity as ε0, the (real) permittivities of the
dispersed phase, continuous phase, and mixture as εd, εc, and
εm, respectively (and similarly for the conductivities σd, σc
and σm), then the complex permittivities in Eq. (1) can be

R. K. Rasel, B. J. Straiton, Q. M. Marashdeh, and F. L. Teixeira, “Flow Loop Study of ECT-Based Volume Fraction Monitoring in 
Oil–Water Two-Phase Flows,” IEEE Trans. Instrum. Meas., vol. 71, pp. 1–6, 2022, doi: 10.1109/TIM.2022.3181929.
https://doi.org/10.1109/TIM.2022.3181929



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. XX, NO. XX, MONTH XXXX 2

written as ε∗d = εd− jσd/ωε0, and likewise for ε∗c in terms of
εc and σc, and for ε∗m in terms of εm and σm.

At sufficient low frequencies, when σc 6= 0 and
εc � σc/ωε0 and/or εd � σd/ωε0, i.e. the effect of
conductivity is predominant. Consequently, Hanai’s formula
can be approximated in terms of the conductivities as [28](

σd − σc
σd − σm

)3
σm
σc
≈ 1

(1− ϕd)3
=

1

ϕ3
c

. (2)

A. Low Frequency Estimates for σc ≈ 0 and σd 6= 0

If the conductivity of the continuous phase is negligibly
small (σc ≈ 0), Hanai’s formula for complex dielectric
constant of the mixture,

for water-dispersed flow (εd � εc, εm), reduces to [28], [34]

ε∗m
ε∗c
≈ 1

(1− ϕd)3
. (3)

A low-frequency estimation of ϕd from these relations leads
to ϕd ≈ 1 − (εc/εm)

1/3, and ϕd ≈ 1 − (σc/σm)
1/3. which

means that, at sufficiently low frequencies, the volume fraction
of each phase in a multiphase flow can be estimated from the
permittivity and conductivity values of the continuous phase
and the mixture alone. Since σm and σc can be negligibly
small for this flow type, the permittivity formulation is ex-
pected to provide better estimates.

B. Low-Frequency Estimates for σc 6= 0 and σd ≈ 0

If σc 6= 0 and σd ≈ 0, Hanai’s formula for the com-
plex permittivity of the mixture, for water-continuous flow
(εc, εm � εd), can be rewritten as [28], [34](

ε∗c
ε∗m

)2

≈ 1

ϕ3
c

. (4)

Therefore, the low-frequency limit of Eq. (1) yields ϕc ≈
(εm/εc)

2/3 and ϕc ≈ (σm/σc)
2/3. From these relations, it is

clear that at sufficiently low frequencies, the volume fraction
can be calculated from the permittivity and conductivity values
of the continuous phase and the mixture. Further details about
this method of approach are presented in [34].

C. Initial Data Calibration

The Hanai’s formula based (HFB) volume fraction estimates
for ϕd and ϕc obtained in the previous section do not account
for the particular sensor setup and geometry such as the finite-
sized electrode plates, the vessel thickness and radius, and
additional factors such as electric field fringing effects. All
these factors play a role in the measured capacitance val-
ues. Therefore, HFB theoretical estimates establish expected
baseline dependencies among the volume fraction and flow
parameters but for better results in practice, it is necessary
to make room for the additional factors unaccounted for by
the theoretical estimates [34]. For a given water-containing
flow type (either water-continuous or water dispersed), the
following general relation between the HFB estimates and

the calibrated estimates was found to provide a good tradeoff
between simplicity, generality, and accuracy:

ϕ̃ =

(
ϕ

ϕφ

)α
φ, (5)

where ϕ and ϕ̃ are the HFB estimate and the calibrated water 
volume fractions, respectively, and ϕφ is the HFB estimate 
volume fraction of water when the actual (known) volume of 
water fraction present in the flow is φ. The exponent α 
primarily depends on the geometry of the vessel, sensor de-
sign, and the flow type (i.e., either water-continuous or water-
dispersed). For a given sensor and flow t ype, t his parameter 
can be determined using data from a few initial calibration 
experiments.

These experimental calibration values can be stacked onto a 
(known) fractional water volume column vector denoted using 
an overbar as ϕ̃̄. Likewise, a corresponding HFB-estimated 
volume fraction column vector can be defined a nd denoted 
as ϕ̄. To determine the value of α, Eq. (5) can be rewritten 
in terms of the known and HFB-estimated volume vector as
˜̄ϕ = (ϕ̄/ϕφ)

α
φ and using a least square fit, the value of α is

given by α = ˜̄ϕ
t
l · ϕ̄l/‖ϕ̄l‖2, where · denotes inner product,

˜̄ϕl = ln ( ˜̄ϕ/φ), ϕ̄l = ln (ϕ̄/ϕφ), and the superscript t denotes
transpose.

III. RESULTS

Two-phase flow experiments were carried out in the flow
loop shown in Fig. 1a. Two types of sensors were used: (a) A
9.5×9.5 cm parallel-plate capacitance sensor shown in Fig. 1b
and (b) a conventional 4 × 2 ECT sensor shown in Fig. 1c.
The height of each electrode of the ECT sensor is 9.5 cm,
the gap between two electrodes along the azimuth is 9◦, and
the gap between electrodes in the vertical direction is about
1.25 cm. Multiple two-phase flow experiments with varying
phase volume fractions were carried out using industrial grade
white oil (εo ≈ 2.5, σo ≈ 0 mS/m) and tap water (εw ≈
81, σw ≈ 5 mS/m).

Fig. 2 shows a schematic diagram of the flow loop used in
the experiment. The flow loop includes a reservoir to store
oil and water, a water pump, and an oil pump to deliver
specific volumes of water and oil into the system. There is a
Coriolis meter right after the water and oil pump to accurately
measure the water-cut delivered into the system. The flow loop
uses stainless steel pipes throughout the loop except for the
capacitive sensing region, where a PVC pipe is used to enable
the electric fields from the ECT sensor to penetrate into the
flow region. The inner and outer vessel diameters of the PVC
pipe in the ECT sensing region are 6.35 cm and 4.7 cm,
respectively. This particular method is specifically suitable for
spherically dispersed homogeneous flows and may work for
other homogeneously dispersed flow regimes. Therefore, to
ensure the homogeneity of the flow, a mixer is placed right
before the ECT sensor.

The typical salinity of freshwater lies below 1 ppt (parts
per thousand) and can vary depending on several factors. For
water-dispersed flows, higher salinity should not impact the
results as long as the measurement frequency is sufficiently
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(a) (b) (c)
Fig. 1. (a) Image of the flow loop where the sensor is mounted. (b) image of the parallel-plate capacitance sensor used in the experiment, and (c) 3-D model
of the ECT sensor used in the experiment.

Fig. 2. Diagram of the flow loop, consisting of a reservoir, a water-pump,
an oil pump, a Coriolis meter, a mixer, and a capacitive (ECT) sensor,
respectively.

low for the low-frequency estimation method described in
Section II to apply. For water-continuous flows, higher salinity
may introduce some measurement difficulties due to the high
conductivity and skin effect. Therefore, it is important to
have an estimate of the water salinity so that the measure-
ment can be obtained at proper frequencies. To evaluate the
proposed technique, a total of eight rounds of experiments
were conducted using the flow loop, denoted as Exp 1-8 in
what follows. Each round included both water-dispersed and
water-continuous flows. Two experimental rounds involved the
parallel plate capacitance sensor and the remaining five the
conventional ECT sensor.

Measurements were obtained with a frame rate of 761 fps
(frame-per-second) for the parallel plate sensor and 361 fps for
the ECT sensor. Admittance measurements were obtained by
exciting electrodes with a 2 MHz input voltage signal and mea-
suring the current at the terminal of the remaining electrodes.
From the results, it is clear that the measurement obtained at
2 MHz is sufficient for low-frequency volume estimation at the
water salinity levels considered in the experiments. However,
depending on the salinity levels, 2 MHz measurement may not
be low enough for volume estimation. The real and imaginary
parts of the admittance data can be associated with the con-

ductivity and permittivity of the flow, respectively. A total of
20,000 to 60,000 frames per measurement were collected. We
found that the multiphase flow stabilizes after approximately
5-10 minutes (10,000-20,000 frames) and measurements from
the stabilized region were used for comparison with ground
truth values. The typical signal-to-noise ratio (SNR) of the
instruments used in the experiment is around 60 dB [31].

A. Water-Dispersed Flow

Water is dispersed in oil for two-phase water-dispersed
flows. The presented method utilizes real components of the
measured data (e.g., permittivity) to calculate water volume
from the water-dispersed flows.
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Fig. 3. Imaginary part of the raw admittance data Y , obtained by taking the
mean of all opposite electrode pairs. Data are presented for water-dispersed
experiments.

TABLE I
ESTIMATED WATER VOLUME IN TWO-PHASE WATER-DISPERSED FLOWS:

PARALLEL-PLATE SENSOR RESULTS

0% 5% 10% 15% 20% 25%
Exp 1 0.4 5.1 9.6 15 21.5 27
Exp 2 0.3 3.6 7.9 13 18.4 23.8
Exp 3 0.61 4.7 9.1 14.3 20.2 25.8
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Fig. 4. Estimated water volume fraction obtained from two-phase water-
dispersed flows using parallel-plate sensor. Results are presented for two
different experimental rounds.

1) Parallel-Plate Capacitance Sensor: Fig. 4 and Table I
show the calculated volume fraction of water obtained from
two-phase water-dispersed multiphase flows using the parallel
plate sensor. Results are presented for two experimental rounds
using the parallel plate sensor i.e., Exp 1, 2, and 3. For
the results in Fig. 4 and Table I, 15% water volume data
from Exp 1 was used to obtain the calibration factors ϕφ
and φ. The value of α = 2 provided the best results for
this sensor and flow type. Since the initial calibration uses
data from Exp 1, the results for that dataset provide a better
estimation compared to the results presented for the Exp 2
dataset. An average absolute error of less than 2% indicates
that the estimated volumes are in good agreement with the
actual volumes, denoted by a blue line in the figures. The
minor discrepancy in the estimated volumes between Exp 1
and Exp 2 may be attributable to the discrepancy in the
measured data shown in Fig. 3.
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Fig. 5. Calculated water volume fraction obtained from two-phase water-
dispersed flows using the conventional ECT sensor. Results are presented for
five different experimental rounds.

2) Conventional ECT Sensor: Fig. 5 and Table II show
the calculated water volume fraction obtained using a con-
ventional ECT sensor for two-phase water-dispersed flows.
The five experimental rounds, in this case, are denoted as
Exp 4, 5, 6, 7, and 8. Although in principle any (set of)
electrode pairs could be used for the mutual admittance
measurements, in our study we found that it is best to avoid

TABLE II
ESTIMATED WATER VOLUME IN TWO-PHASE WATER-DISPERSED FLOWS:

ECT SENSOR RESULTS

0% 5% 10% 15% 20% 25% 30%
Exp 4 0.5 5.7 9.8 15 19.2 25.3 31.1
Exp 5 0.5 5.5 10 14.4 19.9 24.5 n/a
Exp 6 0.6 5.2 9.7 14.3 19.4 24.8 30.1
Exp 7 0.1 5.1 9.8 14.1 19.3 24.6 30.3
Exp 8 0.0 5.2 9.5 14.5 19.5 25.7 28.8

adjacent electrode pairs, especially when the flow is water-
continuous. We conjecture that this might be due to local elec-
tric field fringing effects. Therefore, the results are based on
mutual admittance measurement between opposite electrodes
in the ECT sensor. The calibration factors are calculated based
on the 15% water volume data from Exp 4. In this case,
α = 1.5 was found to provide better estimates. The calculation
error in the presented results is approximately 1%. Note that
n/a denotes that the data was either poor or unavailable.

B. Water Continuous Flow

For two-phase water-continuous flows, oil is dispersed in
water. In order to calculate the water volume fraction in water-
continuous flows, only the real part of the measured admittance
(associated with the conductivity) is used.
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Fig. 6. Estimated water volume fraction obtained from two-phase water-
continuous flows using the parallel-plate sensor. Results are presented for two
rounds of experiments.

TABLE III
ESTIMATED WATER VOLUME IN TWO-PHASE WATER-CONTINUOUS FLOWS:

PARALLEL-PLATE SENSOR RESULTS

65% 70% 75% 80% 85% 90% 95% 100%
Exp 1 66.2 72.5 78.8 83.5 87.7 92.3 97 100
Exp 2 68.7 73.1 77.4 81.2 85.1 89 94.5 n/a
Exp 3 68.13 73.5 78.8 83.1 87.2 91.5 94.5 99.2

1) Parallel-Plate Capacitance Sensor: Fig. 6 and Table III
show the calculated water volume obtained for the two-phase
water dispersed flow using the parallel plate sensor. Results
are presented for Exp 1, 2, and 3. The calibration factor was
calculated based on the 100% water volume data from Exp 1.
The value of α = 1 provides a more accurate estimation for
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this sensor setup and flow type. The calculated results are in
good agreement with the actual data (blue line in the figure),
with an average error below 3%.

2) Conventional ECT Sensor: Fig. 7 and Table IV show
the calculated water volume obtained from two-phase water-
continuous flows using the conventional ECT sensor. Results
are presented for Exp 4, 5, 6, 7, and 8. Measurements from
opposite electrode pairs were used to estimate the water
volume. The calibration step used the 75% water volume
data from Exp 7. For this sensor configuration and flow type
α = 1.2 provides the best estimates. The average absolute
error in the estimated is about 2%. However, from the results
presented for the parallel plate sensor and the ECT sensor, it is
apparent that the ECT sensor provides slightly better volume
fraction estimates. This could be attributed to the shape of
the ECT sensor, which better conforms to the shape of the
flow-carrying vessel.

In our study, we found that the flow regime classification
into either water dispersed or water continuous becomes
ambiguous when the water volume fraction is between about
30%−50%. In this range, the flow regime gradually changes
from water-dispersed to water-continuous, and a clear-cut
classification is not possible. As a result, the presented method
was not able to provide accurate volume estimates in this
volume range.
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Fig. 7. Estimated water volume fraction obtained from two-phase water-
continuous flows using the conventional ECT sensor. Results are presented
for five different experimental rounds.

TABLE IV
ESTIMATED WATER VOLUME IN TWO-PHASE WATER-CONTINUOUS FLOWS:

ECT SENSOR RESULTS

50% 55% 60% 65% 70% 75% 80% 85% 90% 95% 99%
Exp 4 48.5 54.6 n/a 63.6 68.7 73.5 77.4 84.4 89.1 93.4 96.3
Exp 5 50.8 54.6 59.6 62.3 67.6 72.0 77.9 81.8 86.7 90.6 93.8
Exp 6 50.7 n/a 58.2 62.8 67.0 72.5 76.3 80.9 85.4 95.6 98.2
Exp 7 51.0 55.1 59.7 64.8 69.2 75 79.6 84.6 89.1 93.9 97.2
Exp 8 51.4 55.9 60.7 65.8 70.7 76.6 80.8 87.3 91.8 96.7 100.1

IV. CONCLUSIONS AND FUTURE WORK

In this paper, we performed a flow loop study of the method
outlined in [34] for estimating water volume fraction in two-
phase flows. In most of the considered cases, the average
absolute error in the volume fraction results was below 3%.
The method is mostly applicable for homogenized flows with

fractional water volume ranges unambiguously characterized
as either water dispersed or water continuous. The sensing
domain consisted of a vessel with a cylindrical cross-section;
however, the results show the robustness of the method regard-
less of whether a cylindrical sensor or a parallel plate sensor
is used to measure the mutual admittance data. Although
the presented method was able to accurately calculate water
volume in two-phase flows under such conditions, the method
requires a priori knowledge of the constitutive properties of
the continuous phase for best results. In addition, for a given
vessel and sensor configuration geometry, an initial calibration
step is required based on known volume fraction levels. Work
is currently underway to alleviate these requirements.
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