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Abstract—We describe an approach, based on electrical ca-
pacitance tomography (ECT) sensors, to decompose and contin-
uously monitor multiphase flow components (fractional areas or
volumes) in mixtures containing conducting phases. The proposed
approach exploits the Maxwell-Wagner-Sillars (MWS) effect at
distinct frequencies to reconstruct each phase of a multiphase
flow and is also utilized to estimate the fractional volume of
the various phases of the mixture. The approach is illustrated
for a three-phase mixture composed of air, water and oil. This
approach utilizes the very same ECT measurement apparatus
used for flow imaging and, as such, inherits its high speed of
acquisition and suitability for real-time operation.

Index Terms—Electrical capacitance tomography, image recon-
struction, multiphase flow, fractional volumes, Maxwel-Wagner-
Sillars effect.

I. INTRODUCTION

GAS-LIQUID-SOLID reactor systems have been applied
extensively to commercial operations for physical, chem-

ical, petrochemical, electrochemical, and biochemical process-
ing [1]. There are a variety of operational modes for such
three-phase systems based on the behavior of the hydrody-
namics of the gas-liquid-solid flows. For example, depending
on the gas and liquid flow rates relative to the minimum
fluidization velocity or the terminal velocity of the particle,
various fluidization schemes are possible. The solids can be
in the fixed bed regime, the expanded bed regime, or the
transport regime. Both the liquid and solids can either be
in a continuous flow condition or batch condition while the
gas can either be a continuous phase or a discrete bubble
phase. The flow of gas and liquid can be concurrent upward,
concurrent downward, or countercurrent. Specific examples of
applications include slurry bubble column reactors that are
used for direct coal liquefaction or coal hydrogenation to
directly produce liquid fuels or indirect coal liquefaction in
which coal is first gasified and then followed by the Fischer-
Tropsch synthesis to produce liquid fuels or chemicals [2].
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Slurry bubble columns can also be used for hydro-treating
tar sand and petroleum resins, and hydrogenation reactions
for catalytic production of organic chemicals such as glucose
to sorbitol, benzene to cyclohexane, and ethylene polymer-
ization. Gas-liquid-solid fluidized beds can also be used for
hydrotreating petroleum resins as in the H-Oil process and
LC-Fining process, or for direct coal liquefaction as in H-Coal
process. A three-phase fluidized bed wet scrubbing system
such as the turbulent bed contactor was previously commer-
cially used to remove sulfur dioxide and particulates from coal
combustion flue gas [1]. With the advance of biochemical
technologies, gas-liquid-solid fluidization systems have also
found important applications in bioprocessing as bioreactors
to produce high valued bioproducts such as enzymes, proteins
and antibiotics. Three-phase fixed bed operation is also of
considerable industrial interest. The operating capacity for
the hydrodesulphurization and hydrodenitrogenation reactions
in clean liquid fuel production from crude oil is significant
and they are mostly carried out in the trickle bed reactors
in industry. In the environmental industry, toxic chemicals in
waste-water are also removed by oxidation in trickle beds,
slurry bubble columns, and three-phase fluidized beds [3].

Gas-liquid-solid flows are invariably complex. To under-
stand the behavior of three-phase flows thereby quantifying the
phase hold-up distributions and their dynamic characteristics,
advanced measuring techniques are required. Conventional
experimental instruments using either optical or impedance-
type probes can provide only pointwise properties of the flows
and are often intrusive to the flow field. A number of non-
invasive flow imaging and monitoring techniques have been
used, including X-ray tomography, gamma-ray tomography,
positron emission tomography, magnetic resonance imaging
(MRI), electrical capacitance tomography (ECT), and electri-
cal impedance tomography (EIT). The fundamental measure-
ment principle of these tomography techniques is based on
the use of a number of sensors surrounding the monitored
domain. By selecting some form of excitation, output signals
received from the sensors, which vary according to the ma-
terials properties and their distribution in the measurement
domain, are obtained. By employing proper reconstruction
algorithms, phase distribution images can be reconstructed
from such measured signals. Three-phase flow systems vary
in scales and geometries, and their highly dynamic nature
require fast tomography techniques able to capture 3-D flow
images in a real-time. ECT imaging technique is based on
the measurement of the field capacitance properties is a flow
tomography technique especially suited for quantifying three-
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phase flow systems of varied properties [4]–[12]. ECT has
several advantages in terms of the low cost, high acquisition
speed, safety and system hardware simplicity. ECT has been
successfully used to monitor various multiphase flow systems
including bubbly flow in a bubble column and slurry bubble
column, gas-solid flow in bubbling and circulating fluidized
beds, and gas-liquid pulsating flow in a trickle bed [13]. For
gas-liquid-solid flow imaging, each of the three phase flows
can also be clearly distinguished.

Most imaging technologies available so far are based on
reconstructing the distribution of a physical property from
measurements performed by sensors mounted on the periphery
of the process column. Conventionally, sensors used for flow
imaging can only sense a change in signal is response to
a single property being monitored (say, permittivity). This
single-dimension nature of sensors have restricted the appli-
cation of process monitoring techniques to two-phase flows
only; in this case, three-phase flows are often viewed as an
approximate two-phase maps. For three-phase applications,
users can employ instead several modalities of sensors simul-
taneously [6], [7] so that a three-phase system can be properly
measured, but this implies a more complicated reconstruction
and/or measurement hardware. In this work, we propose a new
approach for multi-phase flow monitoring based on the use
of an pre-existing ECT hardware system (and inhering the
high speed of acquisition) and single measurement modality,
viz. capacitance, by adding extra dimensions on the measured
capacitances enabled by multi-frequency excitations. The extra
measuring dimensions come from exploiting the Maxwell-
Wagner-Sillars (MWS) effect on changing the capacitance
as function of excitation frequency. The proposed approach
allows for the continuously monitoring of multi-phase flow
in real-time of the mixtures containing conductive phases.
The approach relies on the application of Hanai’s formula
for the effective dielectric constant, to provide the fractional
volume/area of the various phases of the mixture.

II. MAXWELL-WAGNER-SILLARS EFFECT IN
MULTI-PHASE MIXTURES WITH CONDUCTIVE PHASES

The MWS effect is a consequence of surface migration
polarization at the interface between materials when at least
one of them is conducting [14]. Such multiphase system
can be a mixture of air, water (conducting phase), and oil,
for example. Although, typically, each phase in the multi-
phase mixture has a near-uniform dielectric constant over
the quasi-static frequency range, a mixture will exhibit more
pronounced changes in frequency response due to the presence
of the MWS effect. The MWS effect is more pronounced for
mixtures with conductive dispersed phases in a non-conductive
continuous phase. For practical purposes, the MWS effect can
be negligibly small for mixtures with non-conductive phases
dispersed in a conductive continuous phase. Hence, this paper
only consider flow models of the former type.

Fig. 1a shows the frequency response of a two-phase
mixture and Fig. 1b shows the frequency response of a three-
phase mixture respectively, both exhibiting a roll-off frequency
range along which the permittivity decreases. The frequency
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Fig. 1. (a) Frequency response of water (ϵ∗1, σ1) in oil (ϵ∗2, σ2) emulsion (two
phase) characterized by ϵ1s = 80, σ1 = 10−3 S

m
, ϵ2s = 2.5, σ2 = 0, and

ϕ = 0.4 [14] (b) Frequency response of air (ϵ∗1, σ1) and water (ϵ∗2, σ2) in oil
(ϵ∗3, σ3) emulsion (three phase) characterized by ϵ1s = 81, σ1 = 5.5e−3 S

m
,

ϵ2s = 1, σ2 = 0, ϵ3s = 5, σ3 = 0, ϕ1 = 0.124 and ϕ2 = 0.11: the blue
lines denote the dispersion curve and the red lines denotes the absorption
curve.

response depends on the volume fractions, the distribution of
the conducting phase(s), and the actual conductivity value(s)
of the conducting phase(s). This effect was first discovered
by Maxwell [15] and later studied by Wagner and Silliars
[16], [17]. The theoretical formulation can be developed by
considering the effective dielectric constant of a mixture, with
a conductive or dielectric relaxation term. Among the most
notable equations for effective dielectric constant of mixtures
or emulsions are the Wagner formula [16] for dilute mixtures
and Bruggeman formula [18] for dense mixtures. The Brugge-
man formulation has been extended to complex dielectric
constants by Hanai [19] and we will adopt it here to obtain the
MWS-based multiphase flow decomposition approach. Hanai’s
formula assumes a homogeneous distribution of phases and
writes as (

ϵ∗1 − ϵ∗2
ϵ∗1 − ϵ∗

)3
ϵ∗

ϵ∗2
=

1

(1− ϕ)3
(1)

where ϵ∗1, ϵ∗2, and ϵ∗ are the complex permittivity of dispersed
phase, continuous phase, and mixture, respectively, and ϕ is
the volume fraction of the dispersed phase. For convenience,
we will express the effective dielectric constant obtained from
Hanai’s formula as ϵ∗ = H(ϵ∗1, ϵ

∗
2, ϕ). For mixtures of more

than two components, the effective dielectric constant can be
found by solving iteratively with a component added in each
iteration, i.e.:

ϵ∗ = H(ϵ∗2,H(ϵ∗1, ϵ
∗
3, ϕ1), ϕ2) (2)
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ϵ∗ = ϵ′ − jϵ′′ (3)

where ϵ′ and ϵ′′ are the real and imaginary part of ϵ∗. Here,
two phases are considered for first calculating their effective
dielectric constant. The two-phase mixture is then integrated
as a new phase to calculate the effective dielectric constant
of the three-phase mixture. It is clear that the mixture can
have here more than three phases, and the effective dielectric
constant in this case can be calculated by as many iterations.
In order to examine the frequency response of the mixture,
we consider the two-phase case and the expression for the
complex dielectric constants for each conducting phase in the
mixture, viz.

ϵ∗i = ϵis +
σi

(jωϵ0)
(4)

where ϵis denotes the low-frequency permittivity limit, σi is
the conductivity, and ϵ0 is the free-space permittivity of each
phase, i = 1, 2. Substituting those values into equation (1), an
effective dielectric constant that is frequency-dependent in the
quasi-static range, based on Hanai’s formulation, will emerge.
For cases where the static dielectric difference between the
two mixed phases is large (i.e. water and air), the cutoff
frequency is a decreasing function of the dispersed phase
volume fraction. This observation can be very helpful for
example, in determining the volume fraction of air or water
in an air-water system by continuously recording the shift in
the roll-off frequency range of the mixture. This is especially
helpful when measuring a mixture of three or more phases
using capacitance sensors. In this case, the change in measured
capacitance can be related to the volume fraction of up to two
phases only, as done conventionally. The measured roll-off
frequency range is the new extra dimension that can be used
to estimate the volume fraction of an additional phase.

ECT can provide real-time monitoring of the dielectric
distribution. In mixtures where phases have distinct dielec-
tric properties, the resolved dielectric distribution using ECT
reconstruction can be related to each phase fractional volume
and distribution. However, the applicability of ECT has been
mostly restricted to two-phase flow applications. Success in
three-phase flow applications was achieved only in a few
special cases. For example, in a trickle bed reactor, there
exists a three-phase flow where two phases are moving (air
and water) and the third phase is assumed stagnant (packing
particles). ECT can be used in this case to image the air-
water interaction by calibrating the measuring system with
the packed particles representing the empty state. In contrast,
the frequency response of the MWS effect can be exploited to
provide an extra dimension of measured capacitance through
a simple change on the excitation frequency. In this case, both
the capacitance amplitude and the roll-off frequency range
can be used to solve for three-phase distributions so that
trickle beds with moving particles can also be imaged. An
obvious difficulty that appears here is that the MWS effect
relies on formulations that assume predetermined (known)
mixture parameters. For example, both Hanai’s and Wagner’s
formulations assume homogeneous mixtures of all phase in an
emulsion problem. On the other hand, flow patterns of interest
typically monitored by ECT sensors do not necessarily follow

a predicted or known pattern. In fact, ECT is often used to
monitor a multi-phase flows to observe and understand behav-
ior of the mixed flow. Another difficulty stems from practical
limitations of the hardware. Presently, most ECT systems can
only operate up to a few megahertz. If the conductivity of the
dispersed phase is larger (such as seawater with σ > 50 mS/m,
one may need to work at higher frequencies. Moreover, if the
dispersed phase volume fraction is very low, MWS effects may
be negligible, which would affect the accuracy of the results.
For proper exploitation of the MWS effect via ECT sensors, an
approach needs to be developed where the typical assumptions
used in effective dielectric of mixtures remain valid. This is
discussed next.

III. ESTIMATING VOLUME FRACTIONS IN MULTI-PHASE
FLOWS

The MWS effects can be utilized to develop a mathematical
formulation to estimate the volume fraction of each phase in
a multi-phase flow. However, such derivation requires that the
conductivity and relative permittivity of each phase is known.
For simplicity of derivation, let us consider a three-phase flow
such as air and water in oil (a-w/o), where air and water
are the dispersed phase and oil is the continuous phase. At
any two given frequencies ω1 and ω2 the respective complex
permittivity ϵ∗ω1

and ϵ∗ω2
are defined by the equation (3) as

follows:

ϵ∗ω1
= H(ϵ∗11,H(ϵ∗21, ϵ

∗
31, ϕ1), ϕ2) (5)

ϵ∗ω2
= H(ϵ∗12,H(ϵ∗22, ϵ

∗
32, ϕ1), ϕ2) (6)

where ϵ∗11, ϵ∗12 are the complex permittivity of water, ϵ∗21,
ϵ∗22 are the complex permittivity of air, ϵ∗31, ϵ∗32 are the
complex permittivity of oil at ω1 and ω2 respectively. ϕ1 is
the volume fraction of the air within air-oil and ϕ2 is the
volume fraction of water, which are both assumed constant at
a given time interval in a given multi-phase flow. The complex
permittivity of the air-oil system given by H(ϵ∗21, ϵ

∗
31, ϕ1) and

H(ϵ∗22, ϵ
∗
32, ϕ1) needs to be known to calculate ϕ2 and the

volume fraction of other phases. Since both air and oil are
non-conducting, the complex permittivity of air-oil system can
be considered constant at any given frequency. Let, ϵ∗2 be
the complex permittivity of air-oil system. Since the volume
fraction is constant for a specific flow model at a time,
combining equation (5) and equation (6) yields:(

ϵ∗11 − ϵ∗2
ϵ∗11 − ϵ∗ω1

)3 ϵ∗ω1

ϵ∗2
=

(
ϵ∗12 − ϵ∗2
ϵ∗12 − ϵ∗ω2

)3 ϵ∗ω2

ϵ∗2
. (7)

Solving for ϵ∗2 results in:

ϵ∗2 =
ϵ∗11

(
ϵ∗12 − ϵ∗ω2

)
−Aϵ∗12(ϵ

∗
11 − ϵ∗ω1

)

ϵ∗12 − ϵ∗ω2
−A(ϵ∗11 − ϵ∗ω1

)
. (8)

where A =
(

ϵ∗ω2

ϵ∗ω1

)1/3

. Substituting the mixture parameters in
this equation will yield the complex permittivity of air-water
system required to obtain the volume fraction of the three
phase flow. To obtain the volume fraction of water the value
of ϵ∗2 can be substituted in equation (5) or in equation (6).
Having obtained the effective complex permittivity of air-oil
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system and the volume fraction of water, the volume fraction
of remaining phases can be calculated accordingly.

IV. ECT FORMULATION

A. Forward Problem

ECT involves two basic problems that need to be solved,
viz. the forward problem and the inverse problem. The forward
problem obtains the capacitance from a given permittivity dis-
tribution ε(x, y) in the region of interest. The inverse problem
seeks to reconstruct ε(x, y) from the measured capacitance.
Under a linear (Born) approximation, the discrete form of the
forward problem is given by

c = Sg (9)

where c is an M × 1 capacitance vector, g is an N × 1
permittivity distribution vector (typically following from a
pixelization of the region of interest), and S is an M × N
dimensional sensitivity matrix (Jacobian). The measurement
capacitance vector c is extracted by applying an excitation
voltage to an individual electrode (with all others grounded)
and measuring the current at the terminals of all other elec-
trodes. This procedure is repeated by exciting all remaining
electrodes in sequence, individually. For n electrodes there will
be M = n(n− 1)/2 such mutual capacitance measurements.
The elements of the sensitivity matrix S can be approximated
by the following integral over each voxel Vq , q = 1, . . . , N
discretizing the region of interest [20]:

S(p=ij),q =

∫
Vq

∇⃗φi · ∇⃗φjdΩ (10)

where p = 1, . . . ,M is an index running over all electrode
pairs, p = ij, and ∇⃗φi is the electric field produced when
only the electrode i is activated (with a unit voltage amplitude)
while all others remain grounded. In practice, equation (9) is
written in terms of normalized capacitance c̃ and normalized
sensitivity matrix S̃

c̃ = S̃g̃ (11)

where g̃ is the normalized change in the permittivity distribu-
tion. These are described below.

B. Inverse Problem

The inverse problem in ECT involves reconstructing the
permittivity distribution from the measured capacitance data.
Since S is a rectangular matrix and this problem is severely
underdetermined, an inverse of S, strictly speaking, does not
exist. The easiest way to approximately solve the inverse
problem is to use linear back projection (LBP) given by the
equation

g̃ = S̃T c̃. (12)

Although the obtained image using LBP is typically highly
blurred, LBP is one of the fastest algorithm to reconstruct
ECT-based images [21], [22]. In practice, there are iterative
approaches available to obtain sharper and more accurate
images. These iterative approaches involve estimating the

permittivity distribution g̃ by measuring the capacitance, and
minimizing the error under certain conditions. One of the most
widely used approach is the Landweber iterative approach,
based on a least-square approximation and governed by the
following equation [23]

g̃k+1 = g̃k − αkS̃
T (S̃g̃k − c̃) (13)

where αk is the penalty factor of iteration k. This technique
produces a good estimate of the permittivity distribution pro-
vided that the permittivity contrast is not too large. In general,
ECT reconstruction methods tends to deteriorate whenever the
contrast between permittivity distributions is large because of
the linear approximation of a non-linear problem.

C. Normalization Technique

Several normalization techniques can be found in the ECT
literature, see for example [24]. One common approach is to
normalize the elements of the measured capacitance vector and
of the sensitivity matrix as follows

c̃i =
cmi − cei

cfi − cei
(14)

S̃ij =
Sij∑N
k=1 Sik

(15)

for i = 1, . . . ,M and j = 1, . . . , N , and where cm is the
measured capacitance of the flow model that needs to be re-
constructed, ce and cf are the measured capacitances when the
vessel is filled with a material with low and high permittivity
respectively. Generally speaking ce can be obtained with an
empty vessel and cf with a vessel filled by the material with
highest permittivity that will be part of the reconstruction
model. Tentatively, while imaging a flow model with water,
one may choose water to obtain cf . However, depending on
the flow model this normalization technique may not always
work. In such cases, the normalization of the capacitance can
be slightly modified to read as follows

c̃i =
cmi − cei

βcfi − cei
(16)

where β > 1 is an adjustable parameter and cf is obtained
with second highest permittivity material (i.e., other than water
in our case). The value of β depends on the flow model. This
parameter is used because it is typically difficult to image
a flow model consisting of water as the continuous phase
due to its large permittivity. In this case, the second largest
material permittivity in the flow could be used for capacitance
normalization; however, experience shows that this does not
always work adequately, and normalization with a permittivity
higher than the second largest one, but still lower than water,
gives better results. The parameter β is used here to mimic
the effect of a normalization by a higher permittivity value.
Further work is necessary to fully understand the impact of
the choice of β in the reconstruction results and to develop a
more precise selection criterion.
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V. MWS AND ECT-BASED THREE-PHASE MONITORING

In the proposed approach, it is assumed that the difference
between two distinct frequency responses is significant enough
to capture the MWS effects related to the conducting phase.
The flowchart of the proposed approach is presented in Fig. 2.
To extract the fractional volume of the frequency dependent
phase, two sets of capacitance measurements are obtained, cml

at a low frequency (below the roll-off frequency) and cmh

at a high frequency (above the roll-off frequency). Then, the
difference between the measured capacitance is calculated as

cmd = cml − cmh (17)

where cmd is a capacitance perturbation contribution related to
the conducting, frequency dependent phase. The normalization
technique discussed above cannot be applied directly to cmd.
To understand this problem, one should imagine that the
perturbation corresponding to cmd is submerged in a zero
permittivity material, since all the permittivity information
except for the conducting phase is removed in the subtraction.
However, in the normalization techniques above it is assumed
that ce is associated with the lowest possible value of the
permittivity to be reconstructed. To resolve this issue, ce can
be simply added to cmd so that the elements in cmd are
normalized as

Measure ca-
pacitance at

two frequencies
(cml, cmh)

Calculate
sensitivity of
the system

Normalize the
capacitance and

sensitivity matrix

Apply image
reconstruction

algorithm

Obtain image of
the flow model

Obtain image
of the con-

ducting phase

Obtain image of
the other phase

Calculate the
difference

of cml and cmh

(cmd = cml−cmh)

Obtain infor-
mation of other
phases cmn =

(1− γ1)cml + γ1cmh

(a)

(a)

(b) (c)

(b) (c)

Fig. 2. Flowchart of the multiphase flow decomposition system to extract
images of each individual phases.

c̃md
i =

(cmd
i + cei )− cei

βcfi − cei
=

cmd
i

βcfi − cei
(18)

for i = 1, . . . ,M and where c̃md is the normalized value
of cmd. After obtaining c̃md image reconstruction techniques
can be implemented to reconstruct the fractional map of the
strongly frequency-dependent phase. Once the MWS effect
related to the frequency-dependent phase is known, the phase
distribution of the remaining (non-conducting) phase can be
extracted based on the capacitance vectors measured at high
or low frequencies after the frequency-dependent effect has

been removed. This can be effected by subtracting a vector
proportional to cmd from cmh or cml. We denote the new
capacitance vector as cmn. Since the result for cmn has to be
the same whether cmh or cml is chosen, we can write

cmn = cml − γ1c
md = cmh − γ2c

md (19)

where γ1 and γ2 are properly chosen weights such that γ1 −
γ2 = 1. While the optimum value of γ1 is model dependent
a sufficient estimate can be obtained by a training step based
on representative trial simulations. This estimate subsequently
used for similar types of flow. Using (17), (19) can also be
written directly in terms of the measured capacitance vectors
as

cmn = (1− γ1)c
ml + γ1c

mh (20)

After determining cmn, the non-conducting phases can then
be reconstructed. The reconstructed cross-sectional map of the
conducting and non-conducting phases can be considered as
two phase fractional area map in a first step. Subsequently, can
be used to obtain the volume fraction of the two (sub)phases
comprising the non-conducting phase. This will be illustrated
in the next Section for a three-phase flow composed of water
(conducting phase), plus oil and air (non-conducting phases).

VI. SIMULATION RESULTS

A. Volume Fraction Extraction using Parallel-Plate Capaci-
tance Measurement

(a) (b)

Fig. 3. (a) Homogeneous flow model inside a parallel-plate capacitor used
for finite element simulation. (b) Cross-sectional view of the flow model.

To show that the MWS effects can be utilized to estimate
the volume fractions of a multiphase flow, we first consider
the case of a homogeneous emulsion placed in a parallel-
plate capacitor, as depicted in Fig. 3. The area of the plate is
14× 14 cm2, and the width is 2 cm. A homogeneous mixture
of air-water-oil is chosen for the simulation. The effective
permittivity of air, water and oil are taken as 1, 81, and 5
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respectively. The conductivity of air and oil are set to zero
and the conductivity of water is set to 5.5 × 10−3 S/m (i.e.,
tap water). The volume fractions of the air, water, and oil
are 0.115, 0.115, and 0.77, respectively. A frequency sweep
ranging from 0.01 MHz to 10 MHz is performed to capture
the MWS effects of the flow model and then compared the
results to the Hanai’s formulation.

f(Hz)104 105 106 107

ǫ
'

5.8

6

6.2

6.4

ǫ
'

6

6.2

6.4

6.6
ǫ' (MATLAB)
ǫ' (Comsol)

Fig. 4. Frequency response (absorption curve) of the flow model obtained
from MATLAB and Comsol simulation

Fig. 4 shows the frequency response of the mixture obtained
from both a commercial-grade software based on the finite
element method [25] and Hanai’s approximation. It can be
observed from Fig. 4 that Hanai’s formulation provides reason-
ably well prediction of the effective permittivity obtained from
the simulations. The discrepancy arises from the fact that the
frequency response of a multiphase flow distribution depends
on several factors such as homogeneity of the emulsion, shape
of the dispersed phases, orientation of the dispersed phases,
volume fraction of dispersed phase and the average distance
between the center of each dispersed phase. Bruggman’s and
Hanai’s formula for frequency response of a multiphase flow
are derived for spherically suspended dispersed phases and
the accuracy of the model depends on the homogeneity and
the size of each individual dispersed phases. The discrepancy
between the simulation results and Hanai’s approximation
observed in Fig. 4 can be attributed to these factors as well as
to fringing field effects.

Table I shows the extracted volume fraction of air, water
and oil respectively. The effective permittivity of the mixture
obtained at two distinct frequencies (in the roll-off frequency
range) is used together with equation (8) to obtain the effective
permittivity of air-oil system within the air-water-oil mixture,
which is needed to obtain the volume fraction of water using
either equation (5) or equation (6). Equation (1) is used to
obtain the volume fraction of air and oil. As seen in the
Table I, the fractional volume obtained for water is very
accurate and the volume fraction obtained for oil is within
an acceptable range (<10%). The largest margin of error,
obtained for the air volume fraction (about 27%) can be
attributed to the discrepancy between the curves shown in
Fig. 4. This discrepancy arises from several factors such as
the orientation of dispersed phases, the fact that the flow
model is not an ideal homogenized mixture, and fringing field
effects. The accuracy of this method increases for mixtures

with uniformly distributed phases and also with the precision
of the model used to calculate the effective permittivity from
the measured capacitances. The methodology to extract phase
information of more general type of mixtures and flow models
is presented next.

TABLE I
VOLUME FRACTION OF AIR, WATER AND OIL

ϵl ϵh Air (Phase B) Water (Phase A) Oil
(0.05MHz) (6MHz)

Actual n/a n/a 11.5 11.5 77
Analytical 6.17 5.82 11.5 11.2 77.3

CAD 6.52 6.12 8.3 11.7 80

B. Volume Fraction Extraction using ECT

In industrial applications, flow models may not necessarily
exhibit uniformly-distributed phases. As a consequence, a
direct use of Hanai’s analytical approximation may not provide
a good estimation of the actual effective permittivity. To
resolve this issue, an ECT-based approach which utilizes MWS
effects to extract phase information of a multiphase flow is
considered next.

Fig. 5. ECT sensor configuration for cylindrical flow models comprising 12
electrodes.

A cylindrical vessel with an inner diameter of 2 cm, shown
in Fig. 5, is employed to simulate various flow models. The
wall thickness of the vessel is 0.1 cm and 12 electrodes are
placed around the vessel. The length of each electrodes is 4
cm and the gap between two adjacent electrode is 4o along
the azimuth direction. A Three phase flow is considered where
Phase A and phase B are the dispersed phases and phase C is
the continuous phase. Air, water, and oil are chosen as phase
A, phase B, and phase C, respectively with same constitutive
parameters as before. Fig. 6, Fig. 7 and Fig. 9 illustrates the
orientation of the dispersed phases within the continuous phase
C.

Four scenarios are considered in this section. Three scenar-
ios involve a stream of spherically suspended dispersed phase
corresponding to bubble flow. The fourth scenario consists
of cylindrical streams of dispersed phase corresponding to
columnar flow. After calculating the capacitance of a given
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(a) (b)

Fig. 6. (a) Evenly spaced spherical (bubbly) stream of dispersed phase
corresponding to bubble flow. (b) Cylindrical stream of dispersed phase
corresponding to columnar flow.

(a) (b)

Fig. 7. (a)-(b) Cross-sectional view of the flow model with evenly spaced
spherical stream (e.g., Fig. 6a) of phase A and phase B in phase C.

flow model, the Landweber technique described by equation
(13) is applied to reconstruct the cross-sectional images at
z = 0 plane. The measured capacitance vectors cml or cmh

can be used to reconstruct the flow model; cmd and cmn

are used to reconstruct Phase A (conducting) and Phase B
(non-conducting) respectively. The value of αk set to 2 for
all k in equation (13), and β in equation (16) is set to 1
unless stated otherwise. For all of the simulations presented
here, γ1 = 5 was found to give good results. Nevertheless,
it would be beneficial to carry a further study to understand
the effect of β, and γ1 in the image reconstruction. To better
represent the final phase images post processing techniques
such as thresholding and linearization has been implemented
to remove artifacts around the edges of the imaging domain
due to field singularities at the electrode gaps. It should
be noted that the same sensitivity map can be used for
different frequency measurements as long as the resulting field
distributions correspond to the quasi-static regime.

Fig. 8 shows the reconstructed image of the flow model
shown in Fig. 7. The black circles in each figure represent the
exact locations of the dispersed phases within the continuous
phase. Simulation parameters are same in both simulation
except for the orientation of the dispersed phases. Although
the value of β = 1 works for all other image reconstructions
presented in this paper, it does not work well for the image
reconstruction presented in Fig. 8b, where β = 2 is chosen
instead. All these results provide good image estimates. In
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Fig. 8. (a) The top figure shows the reconstructed image of the flow model
presented in Fig. 7a. The middle and bottom figures show the reconstructed
images of the phase A and the phase B, respectively. (b) The top figure shows
the reconstructed imaged of the flow model presented in Fig. 7b. The middle
and bottom figure shows the reconstructed images of the phase A and the
phase B, respectively. The black circles show the exact locations of each
phase. The colorbars denote the permittivity scale.

particular, the size and the location of the phase A and the
phase B align well with the actual scenario. Due to the
inevitable blurring caused by the image reconstruction, the two
streams of phase A and phase B somewhat became merged
in Fig. 8a. The colorbar in each reconstructed images show
the permittivity scale of the flow model and of each of the
reconstructed phases.

The main motivation behind this paper was to show the
applicability of MWS effect for various flow models even if
the flow is not homogeneous. Although in the previous sim-
ulation the flow model was not homogenized, the spherically
suspended dispersed phases provided strong MWS effects
necessary for the method to work. The next simulations,
consisting cylindrical streams of dispersed phases, show the
applicability of the presented method even if the dispersed
phases are not spherically suspended.

The reconstructed images of the flow model shown in Fig. 9
is presented in Fig. 10. From the reconstructed images, it can
be observed that the presented method captures each phase
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(a) (b)

Fig. 9. (a) (b) Cross-sectional view of the flow model with evenly spaced
spherical stream (e.g., Fig. 6a) of phase A and phase B in phase C. Cross-
sectional view of the flow model with cylindrical stream (e.g., Fig. 6b) of
phase A and phase B in phase C.

within the acceptable margin of error and provides a good
imaging results: both the size and location of each phase are
well estimated, with a deviation on peak of the reconstructed
phase locations within about 10% of their actual diameter. For
the scenarios considered here, the estimated location of the
phases show a slight bias towards the center of the domain,
this effect being more pronounced when the object is close to
the vessel wall.

After successfully separating each phases and reconstructing
the phase images, it is possible to extract the fractional
information of each phase. Since each image here represents
the cross-sectional view of the flow model, only the fractional
area are estimated. Table II show the actual and calculated
fractional area of each phase of the flow models. To obtain the
fractional information, each phase images are considered as a
two phase flow model with corresponding materials and it is
assumed that each pixel in the images represents the effective
permittivity corresponding to the fractional area of each phase.
For example, for the case of phase A images it is considered
that phase A is submersed in air and for the case of phase B
images it is considered that phase B is submersed in phase
C. For two phase flow/mixtures the fractional information of
each phase in each pixel can be calculated accordingly and
then summed over the entire imaging domain of interest to
obtain the fractional area of each phase.

Although estimated fractional areas are not always very
accurate, they are in a very good agreement with the im-
ages obtained for each phases. Inaccuracies in the estimated
fractional area are caused by limitations (e.g. blurring effects)
of the image reconstruction methods. One way to improve
the fractional area results would be to employ better recon-
struction techniques and/or implement post-image processing
techniques to reduce image reconstruction artifacts/biases.
Furthermore, if the material composition (phase permittivities)
of the flow model is known a priori, one may devise post-
reconstruction processing steps making use of such informa-
tion to improve fractional area estimates. Such processing is
beyond the scope of this paper.
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Fig. 10. (a) The top figure shows the reconstructed image of the flow model
presented in Fig. 9a. The middle and bottom figure shows the reconstructed
images of the phase A and the phase B, respectively. (b) The top figure shows
the reconstructed imaged of the flow model presented in Fig. 9b. The middle
and bottom figure shows the reconstructed images of the phase A and the
phase B, respectively. The black circles show the exact locations of each
phases. The colorbars denote the permittivity scale.

TABLE II
FRACTIONAL AREA OF AIR, WATER AND OIL

Fractional Area (%)
Air (Phase B) Water (Phase A) Oil

Actual Calculated Actual Calculated Actual Calculated
Fig. 8a 6.25 9.0 12.5 21 81.25 70.0
Fig. 8b 6.25 9.0 12.5 10.5 81.25 80.5
Fig. 10a 6.25 9.4 6.25 11 86 79.6
Fig. 10b 6.25 10.5 6.25 6.1 87.5 83.4

VII. EXPERIMENTAL RESULTS

To verify the practical applicability of the proposed method,
an experiment, similar to the simulation results presented for
the flow model shown in Fig. 9b, is conducted with the 12-
electrode ECT sensors shown in Fig. 11. Each electrode plate
of the ECT sensor comprises 20◦ in azimuth and there is a
gap of 10◦ in azimuth between adjacent plates. The electrode
plates have a height of 1.25 inches. A cylindrical acrylic
vessel with outer diameter of 2.5 inches and inner diameter of
2.375 inches is used to hold the continuous phase comprising
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(a)

(b)

Fig. 11. (a) Experimental setup with 12-electrode ECT sensor. (b) Approxi-
mate sketch of the cross-section of the imaging domain.

vegetable (soybean) oil with ϵr = 2.9. Two inner PVC tubes
with diameter of 0.75 inches and thickness of 0.125 inches
each are used to hold dispersed phases A (tap water) and B
(air), as shown in Fig. 11. The same finite-element solver
as before [25] is used to generate the sensitivity matrix
required for image reconstruction. For phase decomposition,
the mutual capacitances are measured at 62.5 kHz, 125 kHz,
250 kHz, 500 kHz, 1 MHz and 2 MHz. The corresponding
frame rates are 3.4 fps, 7 fps, 13 fps, 26 fps, 50 fps, and
93 fps. The ability of the measured capacitances to capture
the MWS effect is needed for proper phase decomposition.
The lowest and highest frequencies utilized, 62.5 kHz and
2 MHz, capture enough MWS effect for phase decomposition;
however, we found that any frequency combination among
the ones chosen, as long as it included the highest frequency
at 2 MHz, was sufficient for phase decomposition in this
particular experiment. Additionally, the SNR of most channel
at the various frequencies was above 60 dB, which enables
good image reconstruction.

Fig. 12a and Fig. 12b show the reconstructed images of the
flow model and each decomposed phases when 62.5 kHz and
1 MHz are used as the lower frequency, respectively, while
the higher frequency is fixed at 2 MHz. For the reconstruction
step, the imaging domain is discretized using 40× 40 pixels.
The Landweber technique is used for image reconstruction
with the value of αk = 2 in equation (13). To decompose
the non-conducting phase, the value of γ1 in equation (20)
is set to 2 for Fig. 12a and to 3 for Fig. 12b. From the
reconstructed images, it can be observed that the proposed
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Fig. 12. The top plots show the reconstructed images of the flow model
presented in Fig. 11b. The middle and bottom plots show the reconstructed
images of Phase A and the Phase B, respectively. (a) Lower-frequency capac-
itances measured at 62.5 kHz. (b) Lower-frequency capacitances measured at
1 MHz. The colorbars denote the permittivity scale.

method is effective in decomposing each phase of a three-
phase flow, thus corroborating the simulation results. Finally,
Table III shows the extracted volume fraction of each phase,
which is in a good agreement with volume fraction in the
reconstructed images. As observed before when discussing
the simulation results, the discrepancy between actual and
estimated fractional areas arise from the inherent limitations of
the imaging reconstruction, including blurring effects. To im-
prove volume fraction calculation better image reconstruction
techniques or post-processing techniques could be applied.

TABLE III
FRACTIONAL AREA OF AIR, WATER AND OIL

Fractional Area (%)
Air (Phase B) Water (Phase A) Oil

Actual Calculated Actual Calculated Actual Calculated
Fig. 12a 6.9 14 6.9 22 86.2 64
Fig. 12b 6.9 11 6.9 16 86.2 73
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VIII. CONCLUSION

In this work, MWS polarization effects were exploited
to extract information on multiphase flows. First, a mathe-
matical formula to extract volume fraction of an emulsion
was derived based on Hanai’s formulation and verified using
finite element simulations. However, since the application of
this formulation is limited to homogeneous multiphase flows,
an alternative ECT-based technique was next developed for
non-homogeneous flow models to extract the fractional area
information of each phase of a multiphase flow based on the
frequency response. This approach can be extended to extract
volume fractions using electrical capacitance volume tomog-
raphy (ECVT) sensors [11], [12], [26]. Several simulation of
different flow models were carried out to show the validity and
versatility of the method. Experimental results corroborate the
method presented in the paper. The technique has successfully
reconstructed the images of each phase separately, and the
obtained fractional areas are in a good agreement with the
reconstructed imaging results. Theoretically, this technique can
be applied to any types of multiphase flow where at least one
of the phases is conducting. This paper has focused on three-
phase flows where only one phase is conducting. The study
of multiphase flow with two or more conducting phases is
beyond the scope of this paper and will be the subject of a
future study.
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