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Combining Magnetic Induction Tomography and
Electromagnetic Velocity Tomography for

Water Continuous Multiphase Flows
Lu Ma, Dominic McCann, and Andrew Hunt

Abstract— For oil fields producing high fractions of water, it is
critical to be able to accurately meter the water volumetric
flowrate for production allocation and field life optimization.
This paper reports the measurement principles and experimental
results of a multiphase flow meter prototype, capable of non-
intrusively measuring the water volumetric flowrate in a multi-
phase flow. This research prototype is based on a novel concept of
combining two tomographic systems—magnetic induction tomog-
raphy and electromagnetic velocity tomography—for measuring
the cross-sectional volumetric fraction and the local axial velocity
of the water phase, respectively. The fundamental principles
and imaging capability of each technique are shown. First
impressions of the prototype performance are demonstrated using
experimental data from an in-house flow loop. The challenges and
potential improvements are also addressed.

Index Terms— Multiphase flow, magnetic induction tomogra-
phy, electromagnetic velocity tomography.

I. INTRODUCTION

THE current generation of multiphase flow meters
typically use a combination of gamma-ray densitometers,

venturi meters and other sampling techniques to measure
the flowrate of each phase in a multiphase flow. However,
there is a pressing need for the development of a fully
electrical-based and non-intrusive flow measurement technique
in various types of multiphase flow. This is particularly true for
obtaining accurate measurements of the volumetric flowrate of
the water phase in water continuous multiphase flows, a type
of flow which is frequently encountered in the oil industry.
In order to measure the volumetric flowrate of the water phase,
the product of the water volumetric fraction and local water
velocity must be integrated in the flow cross-section.

The combined use of two such techniques is described here:
magnetic induction tomography (MIT), and electromagnetic
velocity tomography (EVT). This combination gives an instan-
taneous measurement of the water volumetric fraction and
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velocity distribution, allowing accurate metering of water flow
in complex multiphase conditions.

Many electrical methods have been developed for flow
measurement due to their low cost, fast response and easy
installation character. The electrical methods are usually based
on either impedance, capacitance or electromagnetic measure-
ments. Of these, MIT, a type of electromagnetic tomographic
technique, has gained increasing research interest for the
visualisation of a conducting phase in a multiphase flow. Due
to its contactless and non-invasive nature, MIT has advantages
in determining the volumetric fraction of the water phase com-
pared to electrical resistance tomography, which often requires
direct electrode contact with the flow [1], [2]. Contactless
capacitance methods have also been commonly used for
two-phase flow measurement [3], however is not applicable
when the conducting phase is continuous. Various conductance
probes have the capability of measuring the water volumetric
fraction in a two phase flow [4]–[6], but due to the lack of local
velocity information, the water flowrate cannot be directly
obtained. Previous studies of MIT, analysing mixtures of
water-oil and water-air, used either simulation models or static
phantom tests to replicate various flow conditions [7]–[10].
These studies showed that the electromagnetic field induced
due to saline conductivity can be sensed by inductive coils, and
that the distribution of saline water can be measured and recon-
structed via this tomographic approach. Studies on the use of
MIT for metallurgical applications, such as the characterisation
of two-phase metal flows, have been reported in [11] and [12];
these flows have different characteristics (state change due to
temperature change during solidification process) and electri-
cal properties (a much higher conductivity value than that
of water in a multiphase flow in the oil and gas industry,
with the latter being the subject of this study). In our study,
the primary focus is the measurement of water volumetric
flowrate in water and oil flows. There are only two phases
involved: water is the continuous and conducting phase, and
oil is the discontinuous and non-conducting phase. Hence MIT
can be used to distinguish between the two and the water
volumetric fraction necessary for calculating flowrate can be
derived.

Electromagnetic velocity measurement techniques have
evolved significantly, from the traditional electromagnetic
flow meter (which uses a pair of electrodes to measure a
cross-sectional velocity in axisymmetric flows [13], to multi-
electrode measurements of the mean velocity of highly
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asymmetric single phase flows [14] and of the local velocity
distribution in either axisymmetric or asymmetric multiphase
flows [15]–[17]. Among the multi-electrode electromagnetic
flow meters, EVT is the most recently developed, capable of
measuring and reconstructing an image of the water velocity
distribution across the whole pipe area, especially those distri-
butions with non-uniform axial velocities [18]. These capabil-
ities distinguish the implementation of EVT from other elec-
tromagnetic meters. A combination of EVT and an impedance
cross correlation (ICC) method has been studied to determine
the water and solid volumetric flowrates in stratified, inclined
solids-in-water flows [19]. In addition, the solids volumetric
fraction obtained using ICC was compared with a differential
pressure (DP) method, showing a good agreement between the
two, ultimately resulting in a flowrate calculation with ±10%
relative error if using a combination of EVT and ICC. This
work is encouraging in that it provides an evidential basis for
combining two techniques - one for the measurement of vol-
umetric velocity, and one for the measurement of volumetric
fraction - to calculate the flowrate of one phase in a multiphase
flow.

This paper introduces the combination of MIT and EVT to
calculate the water volumetric flowrate in water continuous
multiphase flows. To the best of our knowledge, this is the
first study of this type, presenting the following advances
on previous published work: (i) the flow measurement and
evaluation are performed in real time on multiphase flows,
(ii) the reconstructed images of the distribution of the water
and the velocity of that phase are presented for a given
multiphase flow condition over the same sampling period,
(iii) the integration of the MIT and EVT measurements can be
used to calculate the water volumetric flowrate, and to estimate
the slip velocity and the distribution of the flow profile in a
water continuous multiphase flow.

II. METHODS

A. Electromagnetic Considerations for Flow Measurement

Although EVT and MIT both measure induced voltages
using electrodes or inductive coils, it is important to note that
these induced voltage measurements have different natures.
The induced voltages measured by EVT and MIT are referred
to the motional and inductive electromotive forces, respec-
tively, due to the velocity and electrical properties of a
conducting flow. The governing equation of a combination of
EVT and MIT can be written as:

∇ × H = σ(υ × B) + σ E ′ + Js (1)

where H is the magnetic field intensity, σ is the conductivity
of the conducting phase, υ is the velocity of the conducting
phase, B is the applied magnetic field flux density from a
EVT system. This B field neither depends on nor contains
any flow information. E ′ is the total electric field caused by
both the motional and inductive electromotive forces. Js is
the excitation current source provided to the inductive coils.
It can be seen that the conductivity and velocity distribution
of the conducting flow cannot be solved from one equation.
In the case of MIT, the sensitivity formulation usually focuses

on the relationship of the induced voltages and the conduc-
tivity distribution, with the imaging subject considered to be
static (i.e., υ = 0) compared to the changing rate of the Js

induced AC field [20]. The motional electromotive force is
negligible, therefore equation 1 is simplified as equation 2.
In the case of EVT, Js = 0. The term σ E ′ is the ohmic
current, containing the current generated by the eddy currents
induced-magnetic field in the electrodes. The applied B is
much larger than the flow-induced magnetic field, only the
motional electromotive force component in E ′ is considered,
therefore equation 1 is simplified as equation 5.

B. MIT Principles

MIT utilises an array of inductive coils, distributed equally
around a pipe periphery, to visualise the electromagnetic
property distribution of a conducting phase inside a pipe. The
imaging principle is based on the laws of induction and eddy
currents which are induced in an AC magnetic field. The
governing equation can be written as equation 2, where σe is
the conductivity distribution.

∇ × H = Js + σe E (2)

The governing equation 2 can also be formulated in terms of
E field. For each transmitter and receiver coil combination, the
sensitivity coefficient is given by equation 3, where Ei is the
induced electric field in a given pixel when one transmitter coil
i is excited by a source current. Similarly, E j is the induced
electric field when coil j is excited and the dot product of
the two electric field vectors Ei and E j is integrated over the
area of the pixel. The set of sensitivity coefficients for each
coil-pair is known as the sensitivity map for that pair. Hence
the sensitivity matrix can be considered to be formed from M
sensitivity maps, one for each measurement pair. The E field
is calculated analytically using the conjugate harmonic method
for a circular geometry with a high degree of symmetry [21].

S =
∫

A
Ei · E j d A (3)

The inverse problem can be written as equation 4, where b
is a column vector comprising a total number of M changes
of induced voltages, σe is also a column vector represent-
ing unknown conductivity distribution in a total number of
p2 pixels.

b = Sσe (4)

As the number of measurements is far lower than the number
of pixels, the sensitivity matrix is non-square. The inverse of
S does not exist. In this study, when solving σe, a linear back
projection algorithm is selected due to its fast computation
and suitability for real time imaging, in which the transpose
of S is used as the pseudo-inverse of S.

C. EVT Principles

The EVT principles also originate from electromagnetic
induction. Two Helmholtz coils are placed directly facing
each other. By driving these coils, a magnetic field can be
generated across the pipe within the flow. When there is
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a conducting phase flowing through this field, an electric field
can be induced and measured by an array of electrodes in
partial contact with the flow. The measured electric potential
distributions are dependent on the intensity of the induced
electric field, and hence are functions of the velocity of
the flow. The governing equation of EVT can be shown as
equation 5 [22]:

∇ × H = σw E + σw(υw × B) (5)

where H is the magnetic field intensity, σw and υw are the
conductivity and velocity of the water phase, respectively, and
B and E are the applied magnetic flux density and the induced
electric field due to the flow. By substituting E field using an
scalar electric potential and taking the divergence, the voltage
potential U can be solved using equation 6 with appropriate
boundary conditions [23].

∇2U = −∇ · (υw × B) (6)

Applying a Discrete Fourier Transform (DFT) to the volt-
age potentials U (a column vector consisting N number of
value Um , with Um represents the voltage potential measured
at the N − 1 electrode, where m = 0 : 1 : N − 1, and N is the
total number of electrodes), one can obtain a series of complex
number X (n), similarly n = 0 : 1 : N − 1.

X (n) = 1

N

N−1∑
n=0

Umex p(− j (2πnm/N)) (7)

The overall velocity profile is calculated as a superposition of
up to the fourth order of polynomial components of the voltage
potentials, as unrealistic spatial variations may be observed
for velocity profiles containing components higher than fourth
order display [24]:

υ(x; y) =
n=4∑
n=0

υn(x; y) (8)

where each order component is defined below
(equation 9 to 13), with x , y and R refer to the x-axis,
y-axis and the internal radius of the pipe section. The
coefficients of the polynomial velocity components are
obtained from complex numbers from equation 7. This is an
analytical velocity reconstruction method, equivalent to that
of the RT#1 reconstruction technique reported in [25].

υ0(x; y) = 1 (9)

υ1(x; y) = 1(
x

R
cos90◦ + y

R
sin90◦) (10)

υ2(x; y) = 1(
x

R
cos45◦ + y

R
sin45◦)2 − 0.25 (11)

υ3(x; y) = 1(
x

R
cos20◦ + y

R
sin20◦)3 − 0.5

×(
x

R
cos20◦ + y

R
sin20◦) (12)

υ4(x; y) = 1(
x

R
cos0◦ + y

R
sin0◦)4 − 0.75

×(
x

R
cos0◦ + y

R
sin0◦)2 + 0.0625 (13)

D. Flow Equations

The superficial velocity of one phase in a multiphase flow
is the velocity one phase would have if it travelled alone and
completely filled the pipe. Therefore, the superficial velocity
can be calculated using the volumetric flowrate of that phase
divided by the cross-sectional area of the pipe:

υws = Qw/Aarea (14)

υos = Qo/Aarea (15)

υt s = (Qw + Qo)/Aarea (16)

where υws , υos and υt s are the superficial velocities of water,
oil and total liquid phases, Qw and Qo are the volumetric
flowrates of water and oil phases, and Aarea is the cross-
sectional area of the pipe. The water in liquid ratio (W L R) is
the ratio of water volume to the total volume of the liquids,
also called water cut.

W L R = Qw/(Qw + Qo) (17)

The in-situ velocity of one phase in a multiphase flow can
be calculated by using the superficial velocity divided by the
volumetric fraction of that phase.

υw = υws/λw (18)

υo = υos/λo (19)

In which υw , υo are the in-situ velocities of water and oil
phases, λw , λo are the volumetric fraction of water and oil
phases. In water and oil flows, the slip velocity is the velocity
difference between the water and oil phases.

υs = υo − υw (20)

The drift flux model of a water-oil flow is shown as [26]:

υo = Co · υt s + υs (21)

where C0 is the flow distribution parameter. The power law
profile is widely used for the description of the velocity distri-
bution. This model has been shown to have wide application
to multiphase flow, but previous work has empirical values for
C0 and υs . Here we calculate these values from the measured
distribution of water velocity:

υw,i j /υw,max = (1 − 2ri j

D
)n (22)

where υw,i j is the water velocity at a local pixel, υw,max is the
maximum water velocity across the pipe, ri j is the distance
from a given pixel to the center of the pipe, D is the diameter
of the pipe, and the value of the exponent n describes the flow
profile, for instance, a laminar or near-laminar flow would have
a value of n = 1/2, and for a flow with a parabolic profile,
n = 1/7. In this study, a range of n values are used to examine
the profiles of various multiphase flow.

E. Flow Parameter Measurement

The extended Maxwell-Wagner-Sillars model covers a
dielectric particle permittivity in a mixture of media and
derives the particle shape functions. Derived from [27]–[29]
and first published in [30], this model has proved powerful in
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the derivation of the volumetric fraction of the discontinuous
phase λ in a multiphase flow using electrical capacitance
tomography. More recently, it has been adapted to derive the
water volumetric fraction, also known as water holdup, in a
multiphase flow using an integrated sensing system [31] in a
water-based model presented in a water continuous multiphase
flow [32]. The principal characteristic of this model is that
the induced voltages are functions of the conductivity of the
mixture. This model can be expressed in equation 23.

σe = σ1[1 + N · λ · (σ2 − σ1)

/(σ2 + (N − 1) · σ1 − λ · (σ2 − σ1))] (23)

where σe, σ1 and σ2 are the conductivities of the mixture,
continuous and discontinuous phases respectively. The para-
meter N is used to describe the shape of the distribution of
the discontinuous phase, also known as the particle fitting
parameter. In the case of water continuous water and oil flows,
σ1 = σw , and the conductivity of the mixture can be obtained
from equation 3 and 4, λ is the volumetric fraction of the
discontinuous phase, in the case of water continuous water oil
flows, it is the volumetric fraction of the oil phase, i.e., λ = λo.
The conductivity of the the oil phase is considered to be
negligible, and the shape of the oil bubble is assumed to
be spherical, i.e., N = 3, resulting in equation 24. This is
consistent with the derivation of the water volumetric fraction
if using an impedance measurement [33].

λo = (2σw − 2σe)/(2σw + σe) (24)

The water volumetric fraction (also known as water holdup)
can be written as:

λw = 1 − λo (25)

Hence the volumetric water flowrate in a multiphase flow can
be calculated using equation 26:

Qw =
∫

A

λw,i j υw,i j d A (26)

where A denotes to the cross section area. λw,i j and vw,i j

represent the water volumetric fraction and water local velocity
at a local region i, j , in which, vw,i j is measured directly from
equation 8. The total number of pixels in the whole pipe cross-
section is p × p. In theory, MIT is capable of measuring a
mixture of multiphase flow as long as there is a conducting
phase is present; however, the EVT operates under a water
continuous multiphase flow. Thus in this article, we focus
on the derivation of the water volumetric flowrate in a water
continuous multiphase flow.

F. Tomographic Measurement Process

The implementation of MIT principles for this study can be
summarised as follows. Firstly, establishing the forward model
with an estimated conductivity distribution and known sensor
geometry. The estimation of the initial conductivity value is
important. In many cases, one could start from a conductivity
of zero, i.e., an empty pipe, and then reconstruct the absolute
conductivity value in a non-linear iterative fashion [34].

In this study, the linear projection method is used to avoid
variance in image quality resulting from the selection of
different relaxation or regularisation parameters, which are
required input to other inverse algorithms [35], [36]. Secondly,
formulating the sensitivity matrix, which contains information
about how the measured trans-impedance between a defined
transmitter and receiver coil pair when a change is made
to the conductivity distribution of a given pixel inside the
circular vessel (from equation 3). Thirdly, reconstructing the
true conductivity distribution using actual measured induced
voltages from the instrument for a given flow condition
(equation 4). To do so, a measurement calibration is imple-
mented, i.e., the induced voltages measured against an empty
pipe is used as reference point. By flowing the entire pipe with
different conductive fluids with known conductivity values,
the relationship between the conductivity, volume and induced
voltages can then be derived. For flow conditions considered
in this study, as the conductivity of the saline water is a
known parameter, the volume is the parameter that needs to
be solved. It has been shown that for conductivities lower
than 10 S/m, the induced voltage (phase component) is known
to have a linear relationship with the conductivity in a static
phantom test. Due to the motional force between different
constituencies in a multiphase flow, the extended Maxwell-
Wagner-Sillars model offers the additional flexibility of taking
into account the effect of the particle shape for this calibration
process (equation 23). Finally, deriving the volumetric fraction
of the conducting phase from the reconstructed conductivity
distribution (equation 25).

The implementation of EVT principles can be summerised
in three steps. Firstly, by applying an external magnetic field
to a flow surrounded by a given electrode array, the induced
voltage potential can be calculated (equation 6). Secondly, by
applying a DFT method to the measured voltage potentials,
its complex numbers provide the information about the coef-
ficients of the polynomial velocity components (equation 7).
Finally, the overall velocity profile is assumed to be a super-
position of all the polynomial components of the voltage
potentials (equation 8). Therefore, EVT provides the velocity
distribution analytically for a continuous conductive phase in a
circular pipe section, in either single phase or multiphase flow,
essential to calculate the volumetric flowrate of the conducting
phase.

III. EXPERIMENTAL SETUP

A. Measurement Facility

The flow facility is a loop that allows a variety of fluids to be
pumped through a 2m long vertical test section made of trans-
parent perspex pipe with an ID of 80mm and OD of 90mm.
This type of material is specifically chosen for the purpose of
flow observations, and allows the MIT sensor to be clamped
around the outside of the pipe non-intrusively. The mixture
of fluids may contain water, oil or compressed gas. In this
study, a type of non-hazardous silicone oil is used, which has
a viscosity of 20Cst and a specific gravity of 0.95. The saline
water has a conductivity of 35.0mS/cm. The MIT and EVT
sensors are installed on a vertical section, with EVT sensor
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Fig. 1. Block diagram of instrumentation setup.

placed on top of the MIT sensor (Figure 1). The development
length in the flow rig is 20 diameters at 80mm diameter,
followed by a smooth conical contraction to 50mm diameter
and a further 5 diameters of flow development before the EVT
electrode ring. This arrangement is typical of oilfield-based
venturi flowmeters where the average density is measured in
the upstream portion of larger diameter. The water superficial
velocity is 0.055m/s and the oil superficial velocity varies
from 0.008m/s to 0.028m/s in the upstream 80mm pipe. Due
to differences in pipe diameter, an assumption was made to
calculate the equivalent local water velocity in the upstream
80mm section using the local water velocity in the 50mm
section (equation 8). As both water and oil are incompressible
and the temperature was kept constant, it was assumed that
the variation of water density when moving downstream is
negligible. Based on the flow continuity principles, the local
water velocity in the upstream and downstream regions is
proportional to the cross-sectional areas of both sections.

vw,upstream = (
rdownstream

rupstream
)2vw,downstream (27)

As previously mentioned, both MIT and EVT are capable
of real time flow imaging, i.e., continuous monitoring of the
constituent properties of a multiphase flow (density, volumetric
fraction and velocity). The aim of this paper is to measure
the volumetric flowrate of the water phase, therefore the
combination of MIT and EVT are used to measure the real
time local water volumetric fraction and velocity distribution.
Conventionally, for imaging based systems, the real time speed
is usually defined by frames per second.

The MIT system utilises an array of 8 inductive coils to
map the spatial distribution of the water phase in a multiphase
flow. These coils are equally distributed on the periphery of the
Perspex pipe. A signal generation unit passes an alternating
current at 10MHz into one of the driving coils with the
remaining coils acting as receivers to measure the induced
voltages. This signal generation unit also has a data acquisition
function, and interacts with a multiplexing control unit to
switch coils sequentially. These measurements are then used
for image reconstruction. This system is capable of real time
imaging at 2 frames per second, where one frame involves the

following, in order: coil excitation, measurement of voltage
from receiving coils, data logging, data transfer to the host PC,
image reconstruction and display. Although this rate is not
yet sufficient for field applications, there is no theoretical
objection to obtaining frame rates of several hundreds of
frames per second in the future. The MIT sensors are packaged
in a way to eliminate any external field perturbation, and
to allow a direct clamp-on onto the flow loop. The same
packaging is also used for electrical capacitance tomography
sensors as reported elsewhere [37].

The EVT sensor is mounted on a vertical section of the flow
loop with ID of 50mm. The front side of the 16 electrodes
are exposed to the fluids via a “window”, where all other
sides are covered. This is not a completely contactless setup;
nevertheless, the measuring operation remains non-intrusive,
as the electrodes do not alter the constituencies within the
fluids. Two Helmholtz coils are positioned to face each other
directly. A power system is designed to supply and switch
the voltages supplied to the coils at 2Hz, from a 48V DC
power controlled solid-state relay network. As a consequence,
a square wave magnetic field can be generated. 16 electrodes
are equally spaced around the internal circumference of the
pipe and measure the induced voltage potentials due to a
conducting flow. Both the Helmholtz coil and the 16 electrodes
are packaged in an aluminium case to allow a direct clamp-
on onto the flow loop. The induced voltage potential mea-
surements are passed into an electronics conditioning unit for
noise filtration and signal amplification. The sensing package
is connected to the electronics conditioning unit and even-
tually grounded to earth to prevent any cross-talk between
the MIT sensor package. The filtered measurements are then
used for reconstructing a velocity profile of the conducting
phase. A system design can be found in [38], with a detailed
diagram of the sensor design, circuits of the coil excitation
and temperature compensation, as well as the circuit of the
voltage measurement and control unit. This EVT system has a
speed of 30 seconds per frame. Similarly, one frame involves
the following, in order: driving both Helmholtz coils, mea-
surement of the induced electric potential from all electrodes,
data transfer to the host PC, reconstruction and display of
the water velocity profile. This is a more severe restriction,
and the present implementation is restricted to flows that are
time-invariant.

As these two systems have different speeds, the measure-
ments due to flow are recorded online so that the instantaneous
water distribution and velocity can be displayed in real-time,
although the integration of this information to obtain the water
volumetric flowrate is calculated off-line. When conducting the
experiments, one of the attempts to reduce the measurement
error due to the time delay is to flow a certain mixture of
water and oil at fixed rates for a long period of time to
ensure a steady state of the flow was achieved, before altering
the flow. After the steady flow condition is achieved, for
each flow condition (Table II), the measurements are taken
within 42s. In the integration (equation 26), for each frame of
EVT water velocity distribution, the water volumetric fraction
calculated from MIT is based on an average of 60 frames of
data. Our in-house flow loop was also designed to facilitate
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TABLE I

FLUID PROPERTIES

TABLE II

MULTIPHASE FLOW CONDITIONS

this experimental process and ensure the flow status is well
monitored and controlled by the reference flow meters.

B. Flow Conditions

The properties of the fluids used in this study are shown
in Table I.

In this multiphase flow experiment, four flow conditions
were tested, listed in Table II. The flowrate of the water and
oil phase are measured directly before the mixing point, by a
Key Instruments Flo-Rite FR2000 series clear acrylic reference
flow meter for liquid, with a scale of 4-40 L/min (equivalent of
6.67e−5 − 6.67e−4m3/s) and an accuracy of ±5% full scale.
As water and oil have different density, both flowmeters have
been calibrated on the flow rig for water and oil flow separately
using a volumetric method, i.e., flowing a given fluid into a
working section (with known pipe diameter), by measuring
the flowing time (measured by a regular stopwatch) and the
volume of the given fluid (the height of the standing column
of fluid is recorded from a measuring tape), one can calculate
the flowrate of the fluid. The ratio of the calculated flowrate
to the indicated flowrate by the flowmeter is called the meter
factor. This calibration practice is carried out 20 times prior
to each multiphase flow experiment to track the meter factor
and the final reference flowrate is obtained by multiplying the
mean value of the meter factor with the indicated flowrate on
a reference meter. The conductivity of the saline water is also
measured before the mixing point, by a Hanna instruments
HI-8733 portable multi-range conductivity meter. In this study
the saline liquid has similar conductivity as that of produced
water. As such, the measurement range of 0.0-199.9mS/cm
is selected, with a resolution of 0.1mS/cm and an accuracy
of ±1% full scale.

IV. RESULTS

A. Visualisation of Multiphase Flows

The reconstructed water velocity distributions in
Figure 2 a)-d) correspond to the flow conditions listed
in Table II a)-d). The colour bar indicates the water velocity
in metres per second, with blue showing low velocity and
red showing high velocity. In the case of single phase flow,

Fig. 2. Reconstructed water velocity distributions for flow conditions listed
in Table II. The x- and y-axis show the pipe dimension in meter with the
coordinates (x = 0, y = 0) being the center of the pipe, and the color bar in
each figure shows the in-situ water velocity in m/s.

the flow pattern is axisymmetric (Figure 2 d), whereas the
flow is no longer axisymmetric due to the presence of oil
phase (Figure 2 a-c). One common feature in Figure 2 a)-c)
is the existence of negative velocities. Negative continuous
phase velocities are physically possible in two-phase flow,
as the mixture density variations in the flow cross-section
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Fig. 3. Reconstructed conductivity images for flow conditions listed
in Table II.

might result in the axial water velocity moving from
positive (upward) values at the center of the pipe to
negative (downward) values at the edges of the pipe. This
flow behaviour has also been reported in [39]. The velocities
shown here could suggest that the oil phase is more likely to
be in the center of the pipe, whereas some water might be
flowing towards the upstream 80mm section.

Fig. 4. Relationship of average in-situ water velocity obtained from MIT and
EVT, where flow condition (d) - single phase water - is highlighted in blue.

The reconstructed images in Figure 3 reflect the recon-
structed conductivity distribution for each of the flow con-
ditions in Table II. The blue to red colour map is defined to
show the conductivity distribution of the water phase, with
blue showing zero conductivity and red showing the highest
conductivity of 3.50S/m. It is clear that as the water cut
increases, the average conductivity increases, as it is also
demonstrated in the change of the colour of these images.

B. Calculation of Water Volumetric Flowrate

For each of the multiphase flow condition listed in Table II,
the experiments were conducted twice to evaluate the repro-
ducibility. Figure 4 shows the relationship between the aver-
age in-situ water velocity directly measured by EVT using
equation 8 and the average in-situ water velocity estimated
using equation 18, in which the water volumetric fraction
λw is obtained from MIT using equation 24 and 25. This
means that the average water in-situ velocity can be obtained
independently, as such the relationship between the velocities
measured from EVT and MIT can be used as an indication
of the overall system performance. Figure 4 shows these
velocities are linear (r2 = 0.9934).

Figure 5 shows percentage of water-in-liquid versus the
calculated water volumetric fraction (from equation 25) and
estimated slip velocity for various flow conditions. The slip
velocity is calculated using equation 20, where the average oil
in-situ velocity is calculated using equations 15, 19 and 24.
As stated above, the water velocity can be obtained from
both EVT and MIT independently, resulting in two sets of
estimated slip velocity. It is clear that the calculated water
volumetric fraction increases as the percentage of water-in-
liquid increases, however the estimated slip velocity increases
slightly first and then decreases. Overall the estimated slip
velocities agree with each other. For relative higher water cut
scenarios, the reproducibility of the data is relatively poorer
in comparison with other flow conditions.

In here, we define the error as the difference between the
calculated flowrate Qw using equation 26 and the flowrate
as determined by the reference flow meter Qre f , i.e., water
volumetric flowrate listed in Table II. Therefore relative error ζ
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Fig. 5. Percentage of water-in-liquid versus calculated water volumetric
fraction (shown in circles), and estimated slip velocities (with squares repre-
senting values calculated using MIT and crosses representing values calculated
using EVT); where flow condition (d) - single phase water - is highlighted
in blue.

Fig. 6. Percentage of water-in-liquid versus relative error between calculated
water flowrate and the reference water flowrate, where flow condition (d) -
single phase water - is highlighted in blue.

is the error divided by the flowrate determined by the reference
meter and is normally expressed as a percentage.

ζ = Qw − Qre f (w)

Qre f (w)
× 100% (28)

Figure 6 shows the percentage of water-in-liquid versus the
relative error of calculated water volumetric flowrate. The
relative error decreases as the water cut increases. The spread
between two values for a given water-in-liquid percentage
shows the reproducibility of the experiment for that particular
flow condition, consistent with the spread observed in Figure 5.

C. Distribution of Water Volumetric Fraction and Velocity

To ensure the water volumetric fraction and velocity can be
integrated properly, both the MIT and EVT sensing regions
are divided by p × p number of pixels. The water distri-
bution and velocity in each pixel can be calculated from
equations 4 and 8. The normalised water volumetric fraction
across the pipe can be obtained using σe,ic, j=1:p/max(σe).
Similarly, the normalised water velocity can be written as
υw,ic, j=1:p /max(υw). In both cases, index ic, j=1:p represents

Fig. 7. Distribution of normalised water volumetric fraction and velocity
profile from pipe periphery to pipe center for flow condition (a) in Table II.

Fig. 8. Distribution of normalised water volumetric fraction and velocity
profile from pipe periphery to pipe center for flow condition (b) in Table II.

the pixels that are located across the pipe. The purpose of this
normalisation is to visualise both water volumetric fraction
and velocity distribution in the same scale.

Figures 7 to 10 show the normalised water volumetric
fraction and velocity distribution from the pipe periphery to
the pipe center for flow conditions listed in Table II a)-d).
A power law profile with exponent n can be used to char-
acterise the shape of these velocity profiles, relatively low n
values indicate a relatively flat profile whilst relatively higher
values indicate a profile with a relatively pronounced peak at
the pipe center [15]. The 2-D velocity profiles derived from the
time-averaged velocity fields are shown in Figures 7 to 10. The
flows here are two-phase with relatively short development
lengths, but the range of power law exponents shown are
consistent with a physically realistic range.

The water volumetric fraction profiles are fairly flat, with
a tendency for there to be slightly more water towards the
outside of the pipe, otherwise stated that the oil tends to flow
in the center, consistent with Figure 2.

Figure 11 shows the percentage of water-in-liquid versus
estimated flow distribution parameters. The flow distribu-
tion parameter is estimated using equation 21. Similarly,
as there are two ways of obtaining the water in-situ velocity,



MA et al.: COMBINING MIT AND EVT FOR WATER CONTINUOUS MULTIPHASE FLOWS 8279

Fig. 9. Distribution of normalised water volumetric fraction and velocity
profile from pipe periphery to pipe center for flow condition (c) in Table II.

Fig. 10. Distribution of normalised water volumetric fraction and velocity
profile from pipe periphery to pipe center for flow condition (d) in Table II.

Fig. 11. Percentage of water-in-liquid versus estimated flow distribution
parameters, (with squares representing values calculated using MIT and
crosses representing values calculated using EVT); where flow condition (d) -
single phase water - is highlighted in blue.

the estimated flow distribution for a given water-in-liquid
percentage also has two sets of values. From the flowrate
in Table II, the estimated flow distribution parameter C0 can
be close to 1 and even less than 1 [40], which are reflected
in Figure 11.

V. DISCUSSION

Considering first the velocity reconstructions from EVT,
it can be seen that Figure 2 a)-c) show substantial non
axisymmetric character, and substantially higher velocity com-
pared to Figure 2 d) as the volumetric fraction of oil is
decreased, thus decreasing the in-situ water velocity according
to equations 18 and 25. It is also clear from Figure 2 d) that
single-phase flow is essentially axisymmetric, with higher
velocity distribution in the center and lower velocity distri-
bution towards the pipe edge. In addition, one noticeable
difference between the two-phase and single-phase cases is the
presence of negative velocities in Figure 2 a)-c), suggesting
that there is some recirculation as the oil phase slips faster
locally through the water. The slip velocity is at its greatest at
higher water-in-liquid ratios (Figure 5), presumably because
the oil structure are less impeded in their motion by the
constriction of other oil.

It should be noted that these contour plots are ‘one-shot’
single images. In a full implementation of an image-based
flowmeter these individual profiles would be integrated with
the water volumetric fraction profiles shown in Figure 3 at the
same moment in time using equation 26, but in the experiments
presented here the measurements are not co-located so that the
integration has to be by time first, followed by later integration
in space. Thus the experiments here can be used to characterise
the likely character of typical current field systems, but there is
an undefined uncertainty due to the integration process. Further
work will place the image planes of velocity and volumetric
fraction into close proximity where the integration can be more
accurately performed.

The velocity profiles in Figure 7 to 10 show broad con-
sistency with single-phase profiles, a turbulent 1/7 power law
profile at a Reynolds number of 4210 tending towards a center-
peaked transitional flow at a Reynolds number of 2770 with
power low exponent of 1/4.

The in-situ water velocity as calculated by EVT is system-
atically lower than the equivalent velocity calculated from the
reference flowmeter and the MIT estimate of water volumetric
fraction (Figure 4). This means that the volumetric fraction
of oil droplets decreases through the contraction and the slip
velocity increases. The EVT data is after the contraction,
and the resulting reduction in in-situ water velocity indicates
an increase in water-in-liquid from 65.80% to 74.90%. This
result is consistent with the model results presented in [41],
where flow through a contraction is shown to increase the
slip velocity between oil and water in a similar bubbly flow.
Because both techniques used here give numerical information
spatially across the cross-section of the flow, the calculation of
drift-flux parameters is possible directly from the distributions.
The physical test setup presented here is typical of a com-
mercial venturi-based multiphase flowmeter, but not typical
of published work on drift-flux correlations. However it can
be said that the values calculated of distribution parameter
and slip velocity are within the normal range of parameters
expected.

Figures 7 to 10 show the normalised water volumetric
faction across the pipe diameter as an example. In fact the
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whole pipe areas are covered, i.e., one can obtain this infor-
mation at any point in the pipe area. It is also feasible
to measure the conductivity using either one or multiple
pairs of contact or non-contact probe, and then derive the
volumetric fraction directly, although these measurement tech-
niques are not strictly tomographic (when compared to the
summarised tomographic measurement processes in previous
sections II-B, II-C and II-F). Within the MIT section, the flow
distribution parameter is below 1, consistent with a distribution
of water towards the outside of the pipe as shown in Figures 7
to 10, while the distribution parameter in the EVT section is
close to 1. This indicates that the contraction, while tending
to accelerate the lighter bubbly phase, also tends to lead to a
more uniform distribution of that lighter bubbly phase across
the flow.

For single-phase water flow, the direct water velocity mea-
surements from the EVT system can be used to calculate the
water volumetric flow rate. This flow rate is calibrated against
the reference flow meter before each test to establish the meter
factor. In this study, the relative error between the calculated
and reference flow rate is 0.012% (Figure 6). This could be
due to the velocity measurement error or could be within the
reference flow meter accuracy. In this respect, in future studies,
both the velocity and volumetric fraction will need to be
validated against independent measurements. An uncertainty
analysis for the complete system is also required to increase
the measurement confidence level.

In addition, it is feasible to control the temperature in a
laboratory condition, hence water density changes between
the upstream and downstream region can be considered neg-
ligible. The local water velocity in the upstream can also be
interpreted using the downstream velocity. This assumption
arises from the rig setup, however there is no reason that
both sections cannot be the same diameter. In future work,
both sensors can be located more appropriately to improve
measurement accuracy. Moreover, a temperature sensor could
be beneficial for compensating the induced voltage changes if
a more profound temperature change occurs along the vertical
section.

Finally, the primary purpose of this work is to demonstrate
the functional performance of the devices, and the test refer-
ence values are regarded as indicative only. It is not proposed
that these results are calibrations - the conditions in the test
section were complex developing multiphase flows where even
the reference flowrates cannot completely define the flow:
bubble size distribution, volume fraction, slip velocity and
recirculation all being unknown and not amenable to other
reference measurements. These parameters will vary consider-
ably between calibration facilities and impact the accuracy and
validity of calibrations undertaken. Future work will include
traceable calibration of the test rig and devices under test. The
contribution of this paper is to report developments that can
help with quantitative assessment of the flow conditions used
for calibration of conventional multiphase flow meters, and
which offer a path to independent image-based flowmeters in
the future.

VI. CONCLUSION

MIT and EVT can be used together in water continuous
flows to measure the volumetric flowrate of the continuous
water with a relative error between the calculated water
flowrate and the reference water flowrate better than 1% for
single-phase flow to 12% at 65.80% water-in-liquid multi-
phase flow. It is believed that the prime error is due to the
fact that the measurements are not co-located so that the
integration of flowrate is mathematically incorrect. However,
this level of error is consistent with existing field-based
multiphase flowmeters and with further work to co-locate the
measurements, the error could be substantially reduced. The
combination of EVT and MIT thus offers the opportunity
of a robust, low-cost, non-radioactive alternative to current
flowmeters at equivalent accuracy, while offering the potential
for substantial improvement.

The instantaneous measurement of velocity profiles and
volumetric fraction profiles offers the opportunity to further
explore the fluid mechanics of complex flow systems, and to
confirm the validity of computational models. The comparison
with the drift-flux model presented here is a first example
of this. The velocity profiles measured in the low-density
contrast water-oil flows presented here, indicate similar trends
to single-phase flows, though the flows cannot be considered to
be homogenous as there is a significant slip velocity between
the two phases.

The combination of techniques explored here considers the
measurement of the continuous phase (water) in a two-phase
flow (water-oil) where the material properties are known
and invariant. Work is ongoing to add further measurement
modalities which may enable full electromagnetic multiphase
flow rate measurement for flows containing oil, gas and
water. Comparisons will be made with other measurement
techniques, with faster co-located measurements required for
accurate real-time integration of flowrates.
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