
Received May 13, 2020, accepted June 25, 2020, date of publication July 1, 2020, date of current version July 14, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3006444

Electromagnetic Technique for Hydrocarbon and
Sand Transport Monitoring: Proof of Concept
YESSICA ARELLANO 1, ANDY HUNT2, AND LU MA 2
1Fluid and Complex Systems Research Center, Coventry University, Coventry CV1 5FB, U.K.
2iPhase Ltd., Intec Business Park, Basingstoke RG24 8NE, U.K.

Corresponding author: Lu Ma (luma@iphaseflow.com)

This work was funded by iPhase Ltd. who also provided material resources in the form of hardware, software and experimental facilities.

ABSTRACT Electromagnetic metering offers significant promise in the measurement of low-conductivity
medium like in multiphase flow. Such measurements rely on the measurement of conductivity contrasts
formed by two medium of substances, one substance being conductive and the other being non-conductive.
In these conditions, it is assumed that the permittivity-induced displacement current is small compared to
eddy current induced by conductivity, therefore the displacement current is usually ignored. The present
study demonstrates, through solution of the electromagnetic forward problem and pilot tests, that the
temporal, spatial and frequency related permittivity and conductivity changes are all captured by the induced
electrical voltage measurement. Permittivity reflects in the amplitude and the conductivity reflects both in
the amplitude and the phase angle of the voltage. The weight of each parameter to the voltage measurement
is studied here. The findings of the study disclose that an electromagnetic metering system may offer
advantages in continuously monitoring and measuring hydrocarbon contents and solid concentrations via
both the amplitude and phase shift changes.

INDEX TERMS Conductivity, electromagnetic measurements, fluid flow measurement, permittivity.

I. INTRODUCTION
The volatility of oil prices and the finiteness of the resources
have challenged the petroleum industry to change its tradi-
tional operating schemes in order to optimise their processes
and increase the energy efficiency and sustainability of the
fields. The development of new technologies has aided oil
companies to shift their traditional production strategies and
make significant savings in exploration and production activ-
ities [1]. Multiphase flow measurement (MFM) plays a key
role in providing solutions to the oil and gas industry enabling
alternative production approaches for the optimization of
their processes. After over two decades since the implemen-
tations of the first generations of flow meters, MFM is now
present in most transport process within the value chain of
the petroleum industry, going from well clean-up operations
to production allocation and custody transfer [2].

Available MFM systems are intrinsically complex leading
to existing commercial devices with uncertainties rang-
ing from 5% to 20% or more on each of the flowing
phases. Most of these MFM developments, target vol-
ume fraction and velocity measurements of water and

The associate editor coordinating the review of this manuscript and

approving it for publication was Chao Tan .

hydrocarbon mixtures. On the opposite spectrum, measure-
ment of slurries containing high soil content has proven
challenging for the industry due to the damage caused to
traditional inline flow meters [3]. In this regard, this work
proposes the use of electromagnetic measurements as a new
alternative technology to monitor multiphase flow transport.
The present study evaluates the feasibility of an electromag-
netic technique for measurement of the electrical properties
of the fluids including those containing inorganic suspended
particles. The implementation of electrometric metering is
motivated by the intrinsic characteristics of the technology in
terms of non-invasiveness, low cost, high speed and instal-
lation adaptability that answer to the requirements of the
industry and address the challenges that commercial MFM
solutions face.

The principle of operation of electromagnetic induction
systems is based on the energisation of at least one excitation
sensor via a sinusoidal alternating signal. This generates an
electromagnetic field that interacts with the fluids within the
pipe. Eddy currents are formed in the body of the electrically
conductive phase, disturbing the initial field distribution and
producing a secondary magnetic field. The resultant changes
are measured on the periphery of the pipe by one or more
detection coils.
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Electromagnetic measurements have yielded the develop-
ment of tomography technologies for the measurement of
conductivity contrasts, like for example Magnetic Induction
Tomography (MIT) [4]. The first metering system based on
electromagnetic induction for water content measurement in
two-phase flows dates from 1995 [5]. Correspondingly, fur-
ther work has mainly focused on measurements of two-phase
flows with one conductive substance, i.e. saline water, and
one non-conductive phase, like gas or oil. These work include
the imaging of conductivity contrast by using static phantom
setup [6], semi-static experimental verification [7], and water
continuous two phase flow experiments [8]. In the present
study, the former two approaches are used to demonstrate the
feasibility of broadening the niche of electrometric induced
systems for measurement of multiphase flows containing not
only water and hydrocarbons but also inorganic particles like
sand. The present work assesses the signal response of a dual
sensor system to changes in the electromagnetic properties of
the medium via a numerical solution of the electromagnetic
forward problem. Results from simulations and experiments
are used here to identify the response of the measured signal
to changes in both the electrical and the dielectric prop-
erties of the medium, for measurement of non-conductive
phases i.e. oil, gas and sand, which could potentially lead to
enhanced three-phase measurement accuracy.

The proposed approach departs from that used in existing
electromagneticmeters whichmeasure conductivity contrasts
solely. Conductivity measurements are based on the extend-
edly exploited method in which the displacements currents
induced in the medium are neglected for cases where σ � ωε

(σ is the conductivity, ω is the angular frequency, and ε
is the permittivity) [9]. Displacement currents account for
the effect of the permittivity of the fluids, which in hand
with conduction currents, give rise to the secondary induced
field described above. Paradoxically, only a few studies
have addressed the effect of permittivity in electromagnetic
measurements, all of which are limited to the biomedical
field [10]–[15]. However, irrespective of the application field,
in processes where permittivity and conductivity vary in
both the temporal and the spatial domains, like in multi-
phase flow transport, both the displacement and the eddy
currents contribute to the induced magnetic field. There-
fore, the effect of the displacement currents should not be
ignored.

Previous studies have demonstrated the feasibility of deriv-
ing the permittivity from electromagnetic measurements
using inclusions of skin depth much larger than the sample
dimensions [16]. However, it was reported that when the skin
depth of the sample is comparable with the thickness of the
inclusions themeasured signals departed widely from the the-
ory. This results in the need for a more detailed analysis of the
effect of the permittivity on the induced signal. Furthermore,
the effect of permittivity on the received measurements is
largely influenced by the operating frequency of the measur-
ing system. For low excitation frequencies, some authors have
suggested the separation of the contribution of the different

electrical parameters based on their dependence on frequency
[13], [14]. Conversely, in the limited published literature on
permittivity measurement within low conductive contrasts,
the components of the signal are de-multiplexed and the effect
of the properties are evaluated separately for the imaginary
and real components [10], [11], [16].

In the following sections, a thorough evaluation of the
electromagnetic signals induced by various fluids and phase
fraction distributions is presented. As a result, the weight of
the conductivity and permittivity on the induced signals is
assessed for the first time and the effect of the frequency on
the absolute and the demodulated signals is presented. The
identification of the signal response to changes in electro-
magnetic properties of the fluids would result in an enhanced
multiphase measurement technique. Furthermore, the use of
a single system to measure conductive and non-conductive
phases could potentially remove the need to co-locate sep-
arate devices for measurement of non-conductive mediums
like explored in [17].

II. CONSIDERATIONS ON PERMITTIVITY, CONDUCTIVITY
AND ELECTROMAGNETIC SIGNALS
The electromagnetic problem is governed by the set of
Maxwell’s equations. The measured electromagnetic signal
combines information from the conduction and the displace-
ment currents within the pipe. The background voltage mea-
sured by the receiving coil, in absence of an inclusion, lags
90 deg from the driving current for lossless coils. When
an inhomogeneity flows through the pipe, the change in
conductivity and permittivity is picked up by the receiving
coil.

As previously stated, the simplified model, denominated
the eddy current problem, has been broadly used in low-
conductivity imaging. The eddy current problem is a quasi-
static approximation of the full electromagnetic problem.
At high excitation frequencies, the phase shift due to changes
in the properties of the inclusion for low conductive mediums
is very small. Hence, the eddy current approximation has been
considered valid for small inclusion dimensions and high
conductivities (σ � ωε0εr ). Using the small-angle approxi-
mation, the phase change is assumed to be proportional to the
real part of the induced voltage and is approximately equal to
the imaginary part [16], [18].

However, the quasi-static approximation involves intrinsic
inaccuracies as reported in [19], [20]. In order to account
for the effect of permittivity on the received signal, an accu-
rate relationship between the dielectric properties and the
measurements needs to be solved. This approach involves
rejecting the eddy current approximation and retaining the
displacement current term in the Ampere circuital laws with
Maxwell addition. For current-driven coils, the displacement
currents, cause an imaginary component in-phase with the
background voltage whereas conduction currents give rise
to a real in-quadrature part that lags 90 deg the induction
current. Deriving Maxwell’s equations by the introduction
of the combined magnetic and electric scalar potentials, and
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using the temporal gauge yields:

∇ ×

(
µ−1∇ × A

)
+ (jσ + ωε0εr ) ωA = Js (1)

where Js is the current density of the source, and the electrical
properties are given by the permeability (µ), the conductivity
(σ ), and the permittivity (ε = ε0εr ). A is the magnetic vector
potential used to convert the governing equations into second-
order differential equations.

In Equation (1) the term jσ+ωε0εr is the complex conduc-
tivity which comprises the residual static conductivity and the
polarization losses due to dispersion. The relative permittivity
is directly related to the macroscopic properties of the mate-
rials, like polarization or capacitance. The inclusion of the
dielectric properties in (1) reflects the contribution of the fluid
properties to their polarization when subjected to an electrical
field.

There are a number of sources that originate the mate-
rial polarization at different frequencies. This frequency
dependence of the relative permittivity contributes to that,
in any given material, a number of polarization sources will
activate at different frequencies [21]. Considering that the
electronic and atomic effects do not change significantly,
dipolar, space charge, and ionic are the main contributors
to polarization mechanism arising at RF frequencies of
interest [22].

The following sections address the effect of the
macroscopic effective dielectric permittivity distribution of
hydrocarbon mixtures in electromagnetic signals. Due to the
inherent complexity of the multiphase flow phenomena i.e.
the complex interfacial polarization phenomena arising from
multiple fluids in contact, in addition to the presence of
conductive materials, the present work focuses on the macro-
scopic electromagnetic behaviour of multiphase mixtures.
The concept of macroscopic effective permittivity assumes
that a heterogeneous mixture interacts with electromagnetic
excitations as if it were a homogeneous medium [23]. This
concept is valid, from an electromagnetic perspective, only
if the particles inside the mixture are small compared to
the wavelength of the excitation field, which is the case of
the present work. In correspondence, this study focuses on
excitation frequencies below 20 MHz which are typically
used for measurement of fluid conductivity in a multiphase
flow. Consequently, the wave propagation effect evidenced in
electromagnetic induced measurements at higher excitation
frequencies can be neglected within the scope of the present
study [24].

The following sections detail the effect of frequency on
the induced currents when multiphase mixtures of differ-
ent permittivities and conductivities are flowing through
the pipe. In general, the present work aims to prove that
by combining the phase and amplitude measurements it is
possible to account for electric and dielectric changes in
pipelines arising from the flow of water, hydrocarbon and
sand.

III. METHODOLOGY
The methodology adopted to assess the feasibility of multi-
phase flow measurement from electromagnetic signals com-
prises the following stages:
− Solution of the full electromagnetic forward problem to

evaluate the effect of combined permittivity and conductivity
on the induced signals.
− Assessment of the effect of excitation frequency on

the conduction and displacement currents induced in the
medium.
− Characterisation of hydrocarbon mixture in pipelines

through complex conductivity measurement.
− Pilot experimental study to demonstrate the effect of

permittivity and conductivity on both the amplitude and phase
angle of the induced voltages arising from a number of phan-
tom setups.

The following subsections detail the methods employed to
address the first three stages above via numerical modelling
as well as the experimental technique undertaken for the pilot
study.

A. NUMERICAL MODELING
The approach used to solve the electromagnetic problem
numerically is based on the solution of the governing
Maxwell’s equations using the finite element method. In the
present study, the commercial software package COMSOL
Multiphysics R© was used to solve the electromagnetic prob-
lem. The numerical simulations consider vacuum conditions
and insulated environments that disregard the electromag-
netic noise and the interference of external sources. Model
validation was carried out by evaluating the performance of
the model under conditions with readily known responses.

Typical non-metallic pipelines for multiphase transport in
the oil and gas industry range from 2 inch to 8 inch diameter.
Accordingly, for the 3D numerical model an averaged pipe
size equivalent to a nominal 4 SCH STD was used. The 3D
model accounts for a dual coil system built using a current
driven coil domain with an initial current phase angle at
0 deg at the transmitter coil and open-circuit approach for
the receiving coil. The sensors were located opposite to each
other across the pipe cross-section.

Three scenarios were modelled for which the conductivity
and permittivity of the medium were swept over the values
summarised in TABLE 1. The listed values of the dielec-
tric constants reflect a range of fluids readily available in
multiphase flow transport, e.g. air (εr = 1), natural gas
(εr = 1.2), octane (εr = 2), oil (εr = 2.8), water (εr = 80),
and dry limestone (εr = 7) [25]–[27]. The 99 conductivity-
permittivity combinations accounted for various ratios of
water, hydrocarbon and sand content. The volume fraction of
the fluids in the pipe were also varied by changing the size
of the cylindrical inclusion to account for segregated annular
flow configurations.

The quasi-static premise states that if the permittivity of a
material at a given frequency is very small compared to its
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TABLE 1. Conductivities and relative permittivities used in simulations.

conductivity (σ � ωε0εr ) the displacement currents can be
ignored. In this study a broad range of σ/ωε0εr relationships
are assessed, ranging from 1.121E-1 to 8.99E4 for excitation
frequencies between 1Mz and 100MHz. Our hypothesis is
that for σ/ωε0εr ratios below 1E3 the displacement currents
have a significant effect in the electromagnetic measure-
ments, through which non-conductive flow characterisation
can be achieved.

B. EXPERIMENTAL STUDY
A high-speed MIT system was used to conduct experiments
aiming to validate the simulation and discuss the system
requirements necessary to monitor hydrocarbon and sand
transportation. The high data acquisition speed (500 fps) of
the system used is key to allow characterisation of transient
structures without missing any relevant physical phenomena.
The meter comprised 8 induction sensors. The sensors were
equally spaced around the perimeter of a vertically arranged
pipe section of 600 mm long, with an internal diameter of
100 mm, in agreement with the geometry simulated. All the
inductive sensors were alternately excited yielding a full set
of 28 unique inter-sensor measurements. The MIT system
used, was originally designed tomeasure the phase shift of the
induced sine wave. The amplitudes of the induced voltages
were not designed as a system default output, because of
the need to prioritise and reserve the PFGA communication
bandwidth for outputting phase angles at 500 Hz. However,
the amplitudes of the voltage can be post-processed using
stored digitised analogue signals from each channel within
the FPGA memory buffer.

The pilot tests comprise measurement of the phase angle
and the voltage amplitude via semi-static and static tests, i.e.:
− Semi-static test aimed at assessing the dynamic range

of the phase measurements resulting from changing con-
centrations in water-sand flow. The experiment accounts for
3534 cm3 of saline water as the continuous phase within the
pipe at the beginning of the test. Then 1000 cm3 of sand was
injected at the top of the vertical pipe section, previously filled
with saline water, in a steady continuous motion yielding a
stream of sand flow.
− Static amplitude measurements of the induced voltages

were taken from a pipe full (uniform distribution) of air
(εr = 1), velocite oil (εr = 2.06), dry paving sand
(εr = 2.95), and sand wetted with saline water (εr = 80,

σ = 3 S/m). For each condition, ten sets of the digitised ana-
logue signals from the receiving sensors were exported from
the FPGA memory. The total test time was 113 s including
10 s period for transferring those exported files to a local
memory. The signals from all the receiving sensors given
a unique driving channel were captured at the same time.
The induced voltage amplitudes were post-processed which
constitutes the ‘low-speed’ amplitude data.

IV. RESULTS AND DISCUSSION
The present section discusses the results of the numerical sce-
narios evaluated and the experiments undertaken. The discus-
sion is structured in threemain sections, the first one evaluates
the macroscopic electromagnetic behaviour of various mate-
rials usually found in oil transport systems. The identification
of the influence of the fluid properties on the electromagnetic
measurements builds up to a further application study in
section B, where the characterisation of the susceptibility of
the system to the intrinsic properties of the hydrocarbons,
sand and water is presented. Following, Section C discusses
the results from the pilot study that demonstrates the proof-
of-concept.

A. MACROSCOPIC ELECTROMAGNETIC BEHAVIOUR OF
MATERIALS
This section addresses the effects of frequency excitation and
spatial fluid configuration on the intensity of the induced
currents. Furthermore, it characterises the electromagnetic
behaviour of themeter to various flowmixtures by addressing
the influence of permittivity and conductivity on the signal
measured by the receiving sensor across a pipeline.

1) INFLUENCE OF PERMITTIVITY AND CONDUCTIVITY ON
THE INDUCED CURRENTS
Aiming to evaluate the performance of the system measure-
ments for various excitation frequencies and their impact
on the signal received, conduction and displacement current
densities were computed for selected scenarios and presented
following. The induced currents were calculated within the
pipe by integrating the norm of the current density over
the fluid volume. The selected scenarios are summarised in
TABLE 2.

Figure 1 shows the effect of varying the frequency on
the displacement and conduction current densities. For fre-
quencies of 20 MHz and lower, the norm of the conduction
currents was linearly proportional to the excitation frequency
and remained the same for a fixed value of conductivity, irre-
spective of the permittivity of the medium (see Figure 1(a)).
Similarly, mainly the permittivity changes are reflected in
the displacement current density, with virtually no changes
due to variations in conductivity (see Figure 1(b)). The dis-
placement currents are proportional to the frequency squared,
and remained nearly constant regardless of the conductivity
changes, although a slight difference is seen for larger per-
mittivity values as the frequency increases.
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TABLE 2. Simulation parameters for evaluation of excitation and
displacement currents.

FIGURE 1. Effect of the frequency in (a) conduction currents and (b)
displacement currents of phases of various conductivities and
permittivities.

For measurement of fluid conductivity in a multiphase
flow, excitation frequencies between 1 and 40 MHz are
typically used, as within these frequencies the displacement
currents are in a similar order with the eddy currents [28].

However, in the present study an extra step was consid-
ered in order to investigate the frequency dependence of the
induced currents accounted for a higher excitation frequency
of 1E8 Hz. At such high frequency, both the permittivity and
conductivity have a combined effect on the induction and
conduction currents (see Figure 2).

FIGURE 2. Variation of (a) conduction currents and (b) displacement
currents of phases of various conductivities and permittivities for
excitation frequencies of 1 to 100 MHz.

This outcome is attributed to the change in polarization
mechanism, which would preclude any direct correlation
between the electric and dielectric properties of the medium
and the measurement signals.

2) INFLUENCE ON THE INDUCED CURRENTS OF CHANGES
IN THE SPATIAL DOMAIN
Multiphase flow accounts for high complexity of spatial
and temporal distributions of the phases. The assessment
of the effect of non-uniform distributions on the received
signals is based on evaluation of spatial changes of flow mix-
tures. These spatial changes considered a cylindrical inclu-
sion of various lengths located in the middle of the pipe.
The volumetric fractions assessed comprise the following
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range α = [1.0, 0.9, 0.8, 0.7, 0.5, 0.3]. The changes on
displacement and conduction currents at 10MHz for the given
volume fractions are presented in Figure 3. Results show that
displacement and conduction current densities are affected
by changes in volume for scenarios of fixed permittivity and
conductivity.

FIGURE 3. Effect of changes in volume fraction with variations in (a)
conduction currents for a mixture conductivity of 0.55 S/m and (b)
displacements currents for a mixture relative permittivity of 7.4.

Figure 4 contrasts the variation in the current densities
due to changes in volume for various conductivities and
permittivities. The variation in the induced current densities is
relatively linear with volumetric changes. The variation of the
induced currents per volumetric fraction change is quadratic
as represent by the trends in the inner boxes. The change in
the slope of the induced currents shows that, given the model
setup, the received signals are highly sensitive to changes of
volume fractions in the vicinity of the sensor array.

3) INFLUENCE OF PERMITTIVITY AND CONDUCTIVITY ON
THE INDUCED ELECTROMAGNETIC SIGNAL
Here an analysis of the system response to changes in the
electrical and dielectric properties of the fluids is presented.

FIGURE 4. Effect of changes in volume fraction on (a) induced conduction
and (b) displacement currents.

The influence of the fluid conductivity on the induced abso-
lute amplitude and the phase angle of the signal measured at
the opposite receiving coil are shown in Figure 5(a) and (b),
respectively.

It is evident that the conductivity has a significant impact
on both measured signals. Particularly, the phase angle shows
that shifts arise from induced eddy currents around a conduc-
tive phase in amultiphase flow,where the relative permittivity
of the flow have negligible effect. The same outcome is evi-
denced for the real component of the magnitude, as illustrated
in Figure 6.

Conversely, the dielectric constant is mainly reflected on
the imaginary component of the amplitude and on the abso-
lute amplitude signal, Figure 7(a) and (b), respectively.
These amplitude signals, however, form a complex measure-
ment that encompasses combined information regarding the
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FIGURE 5. Effect of changes in conductivity on the (a) absolute amplitude
and (b) phase angle measured at the receiving sensor.

FIGURE 6. Effect of changes in conductivity on the real component of the
measured amplitude.

displacement currents induced by the dielectric medium and
the conductive currents induced in the conductive phase in a
multiphase flow. This complex measurement is reflected in
the boxes of the respective Figure 7(a) and (b).
Contrasting the absolute amplitude and its imaginary com-

ponent, results in the former providing a larger dynamic range
of the two. The results, however, identify that the effect of
permittivity in the overall amplitude signal is at least one
order of magnitude greater than that observed on indepen-
dently measuring the real and imaginary components sepa-
rately. This outcome is associated to the inverse effect that the
conductivity has on both amplitude components, decreasing

FIGURE 7. Effect of changes in permittivity on (a) the imaginary
component of the amplitude and (b) absolute amplitude signal.

the dynamic range of the absolute amplitude signal, and
hence increasing the relative impact of the permittivity in the
measurement.

B. CHARACTERISATION OF HYDROCARBON MIXTURE IN
PIPELINES THROUGH COMPLEX CONDUCTIVITY
MEASUREMENT
1) INFLUENCE OF CHANGES IN THE SPATIAL DOMAIN ON
THE INDUCED ELECTROMAGNETIC SIGNAL
An evaluation on the effect that non-conductive fluids have
on the induced signals is presented here. The simulation
approach accounted for mixed flow, e.g, distributed bubble
or slurry forming a core bulk with changing mixture permit-
tivity. The fraction of mixture occupying the pipe (α) was
varied systematically. Figure 8(a) shows that variations in
the measured amplitude due to changes in volume fraction of
both sand and gas in the non-conductive mixture are linear
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FIGURE 8. Results of induced absolute amplitude from (a) sand (εr = 7.4)
and gas (εr = 1) and (b) various permittivity mixtures.

and in the order of 1.5mV per every 10% increase. The
changes in amplitude due to variations in the permittivity of
the mixture are also linear but much smaller than those seen
for changes in volume fraction Figure 8(b).
The ratio of the variation of amplitude to that of the vari-

ation of permittivity is shown in Figure 9. The trend is non-
linear and accounts for variations in the microVolts range per
every permittivity shift, which constitutes a challenge for data
acquisition systems.

FIGURE 9. Amplitude dynamic range for changes in permittivity and
volume.

FIGURE 10. Change in amplitude of the induced voltage with relative
permittivity changes for a given mixed flow conductivity range
(0.05-0.5S/m).

FIGURE 11. Induced voltage from (a) a trio of two-phase flows water-oil
(εr = 2), water-gas (εr = 1), and water sand (εr = 7.4) and (b) the signal
difference between the water-oil and the water-gas flows (labelled
water-oil-gas) and the water-oil and the water-sand flows (labelled
water-oil-sand) in low conductive environments (σ = 0.05-0.5S/m).

2) ELECTROMAGNETIC SIGNALS FOR MULTIPHASE
FLOW IN PIPELINES
By using extensive computational models, the weighting of
the conductivity and permittivity to the measured signals are
assessed to better understand fromwhich electrical properties
the voltage measurements are stemming, at any given condi-
tion. Figure 10 shows that for mixed flows with conductivity
less than 0.5 S/m, typical for low water contents, the change
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in amplitude of induced voltage has a linear relationship with
relative permittivity of the mixed flow.

Figure 11(a) shows the received signals from three two-
phase systems within low bulk conductive environments.
The evaluated mixtures comprise water-oil, water-gas and
water-sand flows with relative permittivity of 2, 1, and 7.4,
respectively. The difference between the received voltages is
constant throughout the bulk conductivity range. This allows
contrasting three phase flow scenarios containing both oil
and water combined with either gas or sand. Figure 11(b)
evidences that the change in the signals results solely from the
change in the relative permittivity of the gas and the sand. The
influence in the receiving signal of the water-oil-sand flow to
that of the water-oil-gas flow is given by a 4.4:1 ratio.

FIGURE 12. Changes in the amplitude of the induced voltage for various
mixed relative permittivity and bulk electrical conductivities.

Figure 12 shows the amplitude of the induced voltage for
variations in the relative permittivity in various conductive
environments. For a given bulk conductivity below 1 S/m,
the change in amplitude of the induced voltage increases as
relative permittivity of the mixed flow increases (see box in
Figure 12(a) and Figure 12 (b)). In contrast, as the water
content increases creating a mixture conductivity of 1 S/m
or greater, the change in amplitude of the induced volt-
ages is dominated by the conductivity increase (also evident
in Figure 7(b)). This behaviour is more pronounced when the
conductivity difference of themixed flow is superior to 4 S/m,
similar of that of formation water and slurries.

C. PERMITTIVITY AND CONDUCTIVITY MEASSUREMENT
CAPABILITY
1) SEMI-STATIC CONDUCTIVITY MEASUREMENT
CAPABILITY
A semi-static test was undertaken aiming to reproduce water
and sand two-phase flow. The experiment used saline water
(3 S/m) as the initial continuous medium at the start of the
experiment. Subsequently, the phase angle was measured as
the sand was introduced into the pipeline after 20s of tests
(frame 1E4 in Figure 13).

FIGURE 13. MIT phase shifts for sand-in-water flow from
(a) neighbouring sensor-pair and (b) opposite sensor-pair.

Figure 13 shows the phase shift measurements from the
neighbouring and across-the-pipe (opposite) sensor-pairs as a
result of water and sand flow. These sensor-pairs were chosen
because their measurements yield the smallest and largest
phase shifts, thus encompassing the entire phase dynamic
range. The phase dynamic range is defined by the phase shift
measured by the neighbouring sensor (ns) in the lower end of
the spectrum and the opposite sensor (os) in the higher end,
i.e, 1θ range= [1θ@ns,1θ@os]. Hence, the selected sen-
sor measurements provide an overview of the measurement
capability range of the measurement system. The authors
corroborated that the trends are consistent for all sensor-pairs
sharing the same relative position to the excitation sensor.

The phase inFigure 13 shift refers to water as the reference
medium. The phasemeasurements seen after frame 1E4 result
from the variation of the volume fraction of water as the
sand stream flows into the pipe occupying a fraction of the
cross section. Overall, the experimental system measures an
approximate phase shift of 0.4 deg as a result of the decrease

120774 VOLUME 8, 2020



Y. Arellano et al.: Electromagnetic Technique for Hydrocarbon and Sand Transport Monitoring

in bulk conductivity yielding from the flow of sand across the
measurement planes (frames 1E4 to 3E4) and the resulting
phase configuration once the sand is settled at the bottom of
the pipe section (frames 3E4 and above).

The phase measurements show that the MIT system is
sensitive to changes in conductivity and volume fraction,
demonstrating once again the robustness of the technology
for measurement of conductivity contrasts. Knowledge of the
conductivity distribution within the pipe, derived from the
phase shift, combined with amplitude measurements provide
the opportunity to also differentiate between materials of dif-
ferent permittivities. With this in mind, the following section
addresses the capabilities of the MIT system to measure both
permittivity and conductivity changes through the induced
voltage amplitude.

FIGURE 14. Amplitude voltage for various materials measured from (a)
neighbouring sensor-pair and (b) opposite sensor pair.

2) COMBINED PERMITTIVITY AND CONDUCTIVITY
MEASUREMENTS FROM ELECTROMAGNETIC INDUCED
SIGNALS
Figure 14 shows the results of the amplitude measurements
yielding from the static tests performed using materials of
various permittivies and conductivities, i.e., air, velocite oil,
dry sand and wet sand respectively; where air, velocite and
dry sand have relative permittivity of 1, 2.06 and 2.95.
Their conductivities are negligible. The wet sand was created
by mixing the pure saline with a conductivity of 3 S/m
into the dry sand until the sand were fully wet visu-
ally, representing a medium, with both conductivity and
permittivity.

Ten sets of voltage amplitudes for everymaterial are shown
in a consecutive order of increasing medium permittivity.
Consistently, measurements from neighbouring and opposite
sensor-pairs are shown in Figure 14(a) and (b), respec-
tively. As before, these sensor-pairs were chosen because
their measurements yield the largest and smallest induced
voltages as the distances between the excitation and receiv-
ing sensors increase, thus encompassing the entire ampli-
tude dynamic range framed by the amplitude measured by
the opposite sensor (os) in the lower end of the spec-
trum and the neighbour sensor (ns) in the higher end, i.e,
Vabs_range= [Vabs@os,Vabs@ns].

The results show four clearly differentiable levels of ampli-
tudes for different medium. The difference in amplitude
among the non-conductive materials, i.e. air, oil and dry
sand, indicate that the measured signal is stemming from the
induced displacement currents, as discussed in Section B2.

FIGURE 15. MIT full set of voltage measurements for pipe full of air,
velocite oil, dry sand, wet sand and saline water.

Figure 15 shows the average of the ten sets voltage mea-
surements for every material and all 28 unique measurement
pairs. The dynamic range of the induced voltage is consistent
among non-conductive materials; namely, air, velocite oil,
and dry sand as well as between the conductive medium,
i.e. wet sand and pure saline water; but is different between
conductive and non-conductive materials. This variation is
in agreement with the simulations results, and responds to
the combined effect that both permittivity and conductivity
have on the amplitude signal, as evidenced in Figure 7(b)
and Figure 12.

The relationship between the relative permittivity and the
induced voltages for neighbouring and opposite sensors is
shown in Figure 16(a) and (b), respectively. The results
combined convey the largest differences in the electromag-
netic induced amplitude expected from changes in the per-
mittivity of the medium for pipe-full scenarios. The relation-
ship is within the milliVolts range. However, recalling from
Section B1, smaller phase volume fractions result in voltage
shifts within the microVolts range.

The amplitude and phase measurements derived from the
pilot tests demonstrated the capability of MIT to measure
permittivity and conductivity changes This capability could
potentially result in three phase measurements through MIT.
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FIGURE 16. Amplitude range voltage for various permittivities in a
non-conductive environment from (a) neighbouring sensor-pair and
(b) opposite sensor-pair.

V. CONCLUSION
The present study expands on the existing literature and
addresses the feasibility of deriving the permittivity from
electromagnetic measurements. The range of electric prop-
erties that are relevant to the intended application was
derived. The degree of correlation between the measure-
ments and the electric properties, as well as a correlation
model that comprises the simultaneous responses from the
system to changes in permittivity and conductivity, was
presented.

This work disclosed that for a given three-phase flow of
water-oil-sand or water-oil-gas with low water contents (bulk
conductivity ranging from 0.05 to 0.6S/m), the change in
amplitude of the induced voltage is influenced by the per-
mittivity of the fluids. Hence, electromagnetic induction can
be used to measure both the phase shift and amplitudes of
the complex voltages to continuously monitor and measure
the phase fraction of conductive and non-conductive phases.
Furthermore, it was verified that the effect of permittivity in
the absolute amplitude signal is at least 1 order of magnitude
greater than that observed on the real and imaginary com-
ponents disjointedly. These results provide improvements
to previous approaches where electromagnetic signals were
de-multiplexed for measurement in low conductive environ-
ments.

The concept of permittivitymeasurement throughMITwas
demonstrated via a pilot test. It was shown that, in order
to differentiate between non-conductive materials while also

measuring changes in conductivity across the cross-section,
the system requires: (i) inclusions of skin depth much larger
than the sample dimensions, (ii) high speed system with
both voltage amplitude and phase angle output (500 fps was
seen to suffice for the semi-static tests conducted here), and
capabilities (iii) to measure voltage amplitudes within the
microvolts range, and (iv) to measure phase shifts below a
fraction of a degree.

The results presented are of particular interest for low
conductive mixtures, where the measured signal is predom-
inantly dominated by the permittivity, i.e., the volumetric
fractions of the oil, gas and sand. This novel approach yields
real-time derivation and verification of the conductive and
non-conductive phase volumetric using a single apparatus.
Hence, removing the need to co-locate two separate metering
systems.

The use of amplitude signals that provide information
related to the dielectric properties for non-conductive phase
for multiphase fractions allowsmultiphase measurement over
the same cross-section, enhancing the measurement accu-
racy and broadening the application spectrum of electro-
magnetic based imaging technologies for in-situ flow pattern
imaging.
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