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using magnetic induction tomography, the apparatus comprising a pipe defining
a flow conduit, at least one pair of first and second coils disposed on the pipe,
wherein the first coil is adapted to transmit an electromagnetic field into the flow
conduit when energized by an input electrical signal and the second coil is adapted
to receive an electromagnetic field from the flow conduit and generate an output
electrical signal, wherein each of the first and second coils comprises an electri-
cally conductive element which is wound about a central axis to form a plurality of
turns, wherein each turn is in a common plane so that the respective coil is planar
and each turn is composed of a plurality of linear sections and the respective coil
is polygonal in plan, the apparatus further comprising a controller for selectively
switching alternating electrical current through the first coil to generate from the
energized first coil a local electromagnetic field which is transmitted into the fluid
conduit, and for receiving an induced alternating electrical current from the sec-
ond coil which is generated from the local electromagnetic field. Also disclosed
is a method of monitoring a multiphase flow in a pipe using magnetic induction
tomography.
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Method and apparatus for monitoring of the multiphase flow in a pipe

The present invention relates to a method of, and a monitoring apparatus for, monitoring a
multiphase flow in a pipe using magnetic induction tomography. The multiphase flow
comprises fluids, and may comprise a mixture of liquids, or one or more liquids in a mixture
with solids and/or gases. This invention relates to a multiphase flow metering apparatus and
method which has a number of applications, in particular within the oil and gas exploration and

production industry.

A number of prior patent specifications in the name of the Applicant are directed to the use of
Magnetic Induction Tomography (MIT), either used alone or in conjunction with other
techniques, for monitoring a multiphase flow in a pipe, in particular in the oil and gas

exploration and production industry.

In particular, GB2513678B discloses an “Oil well system and operating method including
monitoring multiphase flow in a pipe”, GB2513679B discloses a “Method of defining a
multiphase flow comprising three phases”, GB2507368B discloses “Method and apparatus for
monitoring the flow of mixtures of fluids in a pipe”, GB2534337B discloses “Method and
apparatus for monitoring of the multiphase flow in a pipe” and GB2530601B discloses

“Method and apparatus for monitoring of the multiphase flow in a pipe”.

In these prior specifications, helical and circular transmitting and receiving coils are located
around the outside of a pipe. In this specification, the term “helical” means a non-planar spiral
in three dimensions, i.e. having the shape of a geometrical helix. The transmitting coil(s) are
supplied with a varying current which transmits electromagnetic field into a multiphase flow
within the pipe. The electromagnetic field induces eddy currents in a conductive phase within
the pipe resulting in a secondary electromagnetic field. The secondary electromagnetic field
induces an electric field which can be measured in the receiving coil(s) via voltage output that

can be analysed to determine properties of the multiphase flow.
In addition, GB2527324B discloses a “Segmented Electromagnetic Sensor”.

It is disclosed is these specifications that electromagnetic energy can provide information
related to certain physical properties of materials in the multiphase flow exposed to this type
of energy. When used in an electromagnetic flowmeter, electrical capacitance tomography
(ECT), electrical resistance tomography (ERT) and magnetic inductance tomography (MIT)

can be used to interrogate the multiphase flow. In each case a varying electric or magnetic
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field can be applied across the multiphase flow, and measurements of voltage, current and
magnetic field can be used to measure certain physical parameters of the constituent

components of the multiphase flow.

Apart from these prior patent specifications and other disclosure by the present Applicant or
its employees or the present inventors, although MIT is known for use in various medical
applications, the present inventors are not aware of any other disclosure in the context of
providing real time data on oil/gas/water multiphase flow imaging, for example for use in the
oil and gas industry. It is known from such medical applications to use various coil geometry
developments for static or semi-static fluid tests using helical coils with various numbers of

turns. However, no optimum coil performance for flow measurement has been defined.

The behaviour of helical coils are not characterised in the current literature, although several
variants of circular helical coils are disclosed, in particular having a balanced coil
configuration, a particular number of turns for the transmitting and receiving coils, various
types of wire configurations (i.e. insulated wires or stranded wires), which are for deployment

in a static or quasi-static or phantom simulated 2- phase or 3-phase flow in a laboratory setting.

Although the patent specifications identified above disclose a method of, and a monitoring
apparatus for, monitoring a multiphase flow in a pipe using magnetic induction tomography
which can effectively monitor such a multiphase flow, there is nevertheless a need in the art

for an improved monitoring apparatus and method.

In particular, there is a need in the art for a monitoring apparatus and method which has an
enhanced sensitivity to distinguish between an electrically conductive phase such as an aqueous
phase, for example water, and an electrically non-conductive phase, such as an oil phase, in a

multiphase flow.

The present invention aims, at least partially, to meet this need in the art, particularly in the
field of oil and gas exploration and production, to provide enhanced analytical data in real-time
on the phase composition of multiphase fluid/solid flows particularly within a pipeline used in

the oil and gas industry.

The present invention accordingly provides a monitoring apparatus for monitoring a
multiphase flow in a pipe using magnetic induction tomography, the apparatus comprising a
pipe defining a flow conduit, at least one pair of first and second coils disposed on the pipe,

wherein the first coil is adapted to transmit an electromagnetic field into the flow conduit when
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energized by an input electrical signal and the second coil is adapted to receive an
electromagnetic field from the flow conduit and generate an output electrical signal, wherein
each of the first and second coils comprises an electrically conductive element which is wound
about a central axis to form a plurality of turns, wherein each turn is in a common plane so that
the respective coil is planar and each turn is composed of a plurality of linear sections and the
respective coil is polygonal in plan, the apparatus further comprising a controller for selectively
switching alternating electrical current through the first coil to generate from the energized first
coil a local electromagnetic field which is transmitted into the fluid conduit, and for receiving
an induced alternating electrical current from the second coil which is generated from the local

electromagnetic field.

In this specification, the term "planar” encompasses an element having a curvature so as to be
oriented in a curved direction associated with and around the corresponding curvature of the
circumference of the pipe. However, in the preferred embodiments of the present invention
each turn is in a common plane that is geometrically planar so that the respective coil is

geometrically planar, for example as illustrated in Figure 2 described hereinafter.

In some preferred embodiments, each turn is composed of four linear sections and the
respective coil is rectangular in plan. Typically, the rectangular coil has a length: width ratio

of from 1:1 to 3:1, optionally from 1:1 to 2:1.

In some preferred embodiments, the linear sections are equal in length and the respective coil
is a regular polygon in plan. In one particularly preferred embodiment, the respective coil is

square in plan.

In one embodiment, the first and second coils are disposed on respective diametrically opposite
first and second sides of the pipe. The central axis of the first coil may be coaxial with the
central axis of the second coil. However, the first and second coils may alternatively not be
directly opposite, but may be at any angle or orientation so that an electromagnetic field signal
transmitted from one coil into the multiphase flow in the conduit can cause a secondary

electromagnetic field signal from the multiphase flow to be received by the other coil.

However, particularly preferred embodiments of the monitoring apparatus of the present
invention incorporate a set of a plurality of coils, typically 8 coils, disposed as one or more

annular arrays around the pipe in one or more planes.
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In some preferred embodiments, in the first and second coils, the electrically conductive
element comprises an electrically conductive wire core surrounded by an electrically non-
conductive outer layer. Typically, the electrically conductive core is composed of copper.
Preferably, the core has a diameter of from 0.2 to 1 mm, optionally from 0.25 to 0.75 mm.
Typically, the electrically non-conductive outer layer is composed of an enamel. Preferably,

the enamel outer layer has a thickness 0.02 to 0.04 mm.

In other preferred embodiments, in the first and second coils, the electrically conductive
element comprises an electrically conductive track on a substrate of electrically insulating
material. The electrically conductive track may be printed or etched on the substrate. The

substrate may be flexible.

In some preferred embodiments, in the first and second coils, successive turns are mutually
adjacent and in contact, and adjacent turns of the electrically conductive element are mutually
separated by an electrically insulating material. Preferably, in the first and second coils,

successive turns are mutually adjacent and in contact along the entire length of each turn.

In some preferred embodiments, each of the first and second coils has from 10 to 30 turns, for
example from 15 to 25 turns. Typically, each of the first and second coils has an external
dimension, in the plane of the respective coil, within the range of from 20 to 50 mm, for
example from 25 to 45 mm. Typically, each of the first and second coils has an external
dimension, in the plane of the respective coil relative to a diameter of the pipe within the range

of from 0.1D to 0.8D, for example from 0.2D to 0.4D.

Preferably, the monitoring apparatus further comprises a controller for selectively switching
alternating electrical current through one of the first and second coils to generate from the
respective energized coil a local electromagnetic field which is transmitted into the fluid
conduit, and for receiving an induced alternating electrical current from the other of the first

and second coils which is generated from the local electromagnetic field.

The present invention further provides a method of monitoring a multiphase flow in a pipe

using magnetic induction tomography, the method comprising the steps of:

a. providing a pipe defining a flow conduit, and at least one pair of first and second coils
disposed on the pipe, each of the first and second coils being adapted to transmit an

electromagnetic field into the flow conduit when energized by an input electrical signal
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and/or to receive an electromagnetic field from the flow conduit and generate an output
electrical signal, wherein each of the first and second coils comprises an electrically
conductive element which is wound about a central axis to form a plurality of turns,
wherein each turn is in a common plane so that the respective coil is planar and each
turn is composed of a plurality of linear sections and the respective coil is polygonal in
plan;

b. flowing a multiphase flow along the pipe;

c. transmitting an electromagnetic field from the first coil into the multiphase flow; and

d. receiving by the second coil an electromagnetic field from the multiphase flow and

generating an output electrical signal therefrom.

Preferably, in step c alternating electrical current having a frequency of from 1 kHz to 30 MHz,
optionally from 1 kHz to 10 MHz, is switched through the first coil to generate from the
respective energized coil a local electromagnetic field which is transmitted into the fluid

conduit.

The multiphase flow may comprise at least two phases, optionally at least three phases, further
optionally all of the phases, selected from an oil phase, an aqueous phase, a solid phase and a

gaseous phase.

When monitoring a multiphase flow in a pipe using magnetic induction tomography, when the
multiphase flow includes an electrically conductive phase, such as an aqueous phase, for
example water, various parameters may be relevant to define the performance and accuracy of

the monitoring.

The present invention is at least partly predicated on the finding by the present inventors that
when each of the first and second coils comprises an electrically conductive element which is
wound about a central axis to form a plurality of turns, wherein each turn is in a common plane
so that the respective coil is planar and each turn is composed of a plurality of linear sections
and the respective coil is polygonal in plan, the monitoring apparatus and method can achieve
a higher phase sensitivity, a larger phase dynamic range and a greater induced eddy current in
a region of interest of a pipe that contains a multiphase flow, as compared to the use of other
coil configurations, as disclosed in the state of the art. By achieving these enhanced parameters,

the accuracy of the measurement and monitoring of the multiphase flow can be improved.
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As described above, the known MIT systems tend to implement circular helical coils, which is
believed to result from ease of construction and low cost of the manufacturing process, which

is usually a manual manufacturing process.

It is to be noted that the Applicant’s earlier GB2530601B, entitled, “Method and apparatus for
monitoring of the multiphase flow in a pipe”, discloses helical and circular transmitting and
receiving coils. In one embodiment, described with reference to Figure 7, an electromagnetic
“intelligent” screen array is provided to function as a screening device for screening one or
more of the helical and circular transmitting or receiving coils from an interfering
electromagnetic field emitted from one or more other helical and circular transmitting or
receiving coils, the screening device comprising an annular screen located around the pipe.
Although the electromagnetic “intelligent” screen array may comprise an array of plural planar
square coil elements, there is no disclosure or suggestion to modify the coil configuration of

the helical and circular transmitting or receiving coils.

In particular, the present inventors have found that by changing the coil geometry of the
transmitting and receiving coils, the known monitoring apparatus and method can be further
enhanced, in terms of the phase dynamic range, phase sensitivity, and induced eddy current
intensity, in the region of interest and hence can achieve an enhanced measurement accuracy

of MIT.

The following terms are defined to describe the advantages of the coil configurations of the

present invention.

The phase measurement (¢ in rad) is defined by the phase angle of the induced voltage from a
receiving coil relative to a reference due to the induced eddy currents (/o445 ) around conductive

medium in the region of interest.

The phase difference (A¢ in rad) is defined by the difference between the phase angles of the
induced voltage from a coil due to a change in conductivity arising from change in medium
structure, motion, an external environment (in either the spatial or time domains), as well as

frequency-dependent characteristics.

The phase sensitivity @y is defined by phase difference per unit conductivity change, i.e.; @, =

A - : :
ﬁ (rad/Sm™?) for a given water volume flowrate fraction.
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The phase dynamic range @, = [@yF, =0, Pvr,=1] is defined by the phase measured at water

volume flowrate fraction from O to 1.

The eddy current range Jeaay = [Jvr,=0,Jvr,=1] is defined by the norm component of induced

eddy currents in the region of interest at water volume flowrate fraction from 0 to 1.

In these parameters, the water volume flowrate fraction is defined by F, = — O and

T QwtQg+Q,

Qw, @y, @4 are the volumetric flowrate of water, oil and gas respectively.

The present inventors unexpectedly found that by using the coil geometry of the present
invention, which is a coil design that departs from traditional helical coil geometries, and in
contrast is a coil formed by a plurality of concentric conductive turns to form a polygonal, non-
helical, non-circular, coil with turns which are arranged in a single plane, and preferably with
there being with no air gap between adjacent turns of the planar, polygonal coil, the resultant
monitoring apparatus and method can achieve an increased phase dynamic range, an increased
phase sensitivity and increased induced eddy currents in the cross-section of the region of
interest of the multiphase flow as compared to the use of the known monitoring apparatus and

methods using known coil structures, in particular helical coils.

Furthermore, the present inventors have found that by using the coil geometry of the present
invention, the number of turns of the coils can be increased, to enhance measuring sensitivity
and accuracy, without increasing the radial dimensions of the monitoring system. The present
inventors have found unexpectedly that there can be an increase, with increasing number of
turns, in the phase dynamic range of the planar geometry, whereas in contrast it is known in
the prior art from the behaviour of helical coils that there tends to be a decreasing performance

of measurement accuracy and sensitivity with an increasing number of coil turns.

In accordance with the present invention, in a monitoring apparatus and method for measuring
multiphase flow in a pipe, a planar, polygonal coil design is used for transmitting and receiving
coils that departs from conventional helical, circular coil geometries. The planar, polygonal
coil is formed by a plurality of concentric conductive turns, preferably with no air gap between
the adjacent turns, which are arranged in a single plane. By avoiding any physical air gap
between adjacent turns, in each coil the maximum number of turns can be achieved in any
given XY space around the pipe perimeter, so that any potentially detrimental effect of spatial

constraints is minimised or avoided without compromising the phase monitoring sensitivity.
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The present invention relates specifically to an improved apparatus and method for the use of
MIT (Magnetic Induction Tomography), in particular in the application of MIT to measuring
multiphase flows in the oil and gas and other industries. The principle of MIT is that electric
coils are excited with alternating current that results in the coils producing varying
electromagnetic fields. The object of interest is placed within these fields and the varying field
induces varying currents within the object that is dependent on the conductivity of the object.
The varying currents in the object produce secondary electromagnetic fields that can be
received by the same or other coils. The received secondary electromagnetic field in
conjunction with the primary imposed electromagnetic field can be used to compute the

conductivity contrast between the object and the material that surrounds it.

The preferred embodiments of this invention relate to an apparatus and method to measure the
flow of mixtures of fluids from a well or group of wells during oil and gas exploration,
production or transportation operations. However, it should be understood that the apparatus
and method of the present invention may be used in other potential applications, as those skilled
in the art will appreciate. For example, the apparatus and method of the present invention may
be used in flow measurement devices, medical MIT Systems involving measurement of low
conductivity contrasts of multiphase fluid flows, and multiphase process monitoring

equipment.

Embodiments of the present invention will now be described, by way of example only, with

reference to the accompanying drawings, in which:

Figure 1 is a schematic illustration of a monitoring apparatus for monitoring a multiphase flow

through a pipe in accordance with an embodiment of the present invention;

Figure 2 is an enlarged schematic perspective view of a coil for transmitting or receiving

electromagnetic radiation in the apparatus of Figure 1;

Figure 3 is an enlarged schematic cross-section through a wire of the coil for transmitting or

receiving electromagnetic radiation in the apparatus of Figure 1;

Figure 4 is a graph showing the relationship be between normalised phase sensitivity and
number of turns for a planar polygonal coil for use in the apparatus of Figure 1 and for two

alternative known coil configurations used in the state of the art;
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Figure 5 is a graph showing the relationship be between normalised phase dynamic range and
number of turns for a planar polygonal coil for use in the apparatus of Figure 1 and for two

alternative known coil configurations used in the state of the art; and

Figure 6 is a graph showing the relationship be between normalised eddy current range and
number of turns for a planar polygonal coil for use in the apparatus of Figure 1 and for two

alternative known coil configurations used in the state of the art.

Referring to Figures 1 to 3, there is shown a monitoring apparatus 2 for monitoring a multiphase

flow in a pipe using magnetic induction tomography.

The apparatus 2 comprises a pipe 4 defining a flow conduit 6. In use, a multiphase flow 8
flows along the flow conduit 6 of the pipe 4. The multiphase flow 8 comprises at least two
phases, optionally at least three phases, further optionally all of the phases, selected from an
oil phase, an aqueous phase, a solid phase and a gaseous phase. In Figure 1, two phases are
shown schematically, comprising a continuous phase and a discontinuous phase. The
multiphase flow 8 typically has a primary or continuous phase of the flow, e.g., oil, water or
gas, and within the primary phase one or more other phase constituents may be present, for
example a solid phase, e.g. sand. The flow regime of these phases can vary significantly

depending on the concentrations of each phase and the flow rate.

A first coil 10 and a second coil 12 are disposed on respective opposite first and second sides
14, 16 of the pipe 4, which are typically diametrically opposite first and second sides 14, 16 of
the pipe 4. Preferably, a central axis, shown as axis Z in Figure 2, of the first coil 10 is coaxial

with a central axis of the second coil 12.

The portion of the pipe 4 between the first and second coils 10, 12 is preferably composed of
a material, for example a non-metallic material such as a polymer, which permits
electromagnetic field penetration, across a broad wavelength range, emitted from one of the
first and second coils 10, 12 to pass through the multiphase material in the flow conduit 6 and
then secondary induced electromagnetic radiation to be received by the other of the first and

second coils 10, 12.

In the illustrated embodiment, the first coil 10 is configured to function as a transmitter coil,
indicated by Tx, and the second coil 12 is configured to function as a receiver coil, indicated
by Rx. However, each of the first and second coils 10, 12 may be adapted to transmit an

electromagnetic field into the flow conduit 6 when energized by an input electrical signal
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and/or to receive an electromagnetic field from the flow conduit 6 and generate an output
electrical signal, as described in detail hereinafter. In one embodiment the first coil 10 is always
a transmitter and the second coil 12 is always a receiver; in other embodiments the first coil 10
and the second coil 12 alternate between functioning as the transmitter and as the receiver.
Also, there can be more than two coils around the pipe 4. Fundamentally, any arrangement or
control of the first and second coils 10, 12 may be employed which can transmit an
electromagnetic field into multiphase flow 8 in the flow conduit 6 and receive a resultant
electromagnetic field from the multiphase flow 8 in the flow conduit 6, and thereby generate
an output electrical signal to be used to analyse the phase composition of the multiphase flow

8 using magnetic induction tomography.

The first coil 10 and second coil 12 are electrically connected to a controller 18. The controller
18 comprises a driver 20 for providing alternating electrical current, i.e. AC current, at a
selected frequency to the transmitter coil, for example the first coil 10 as in the illustrated
embodiment. Typically, the AC current has a frequency of from 1 kHz to 30 MHz, for example
from 1 kHz to 10 MHz.

The controller 18 also comprises a data acquisition system 22, coupled to a processor 24. The
data acquisition system 22 receives the induced electrical current from the receiver coil, for
example the second coil 12 as in the illustrated embodiment, and the current is analysed, by
use of the processor 24, to provide an output signal which can provide, or be further analysed
to provide, a phase difference measurement, of the multiphase flow, by magnetic induction

tomography.

In accordance with the present invention, each of the first and second coils 10, 12 has a specific
structure which has unexpectedly been found to provide an enhanced analysis of the multiphase
flow by magnetic induction tomography as compared to known coil designs utilized in the prior

art as discussed hereinabove.

Accordingly, referring to Figure 2 which shows the structure for each of the first and second
coils 10, 12, each of the first and second coils 10, 12 comprises an electrically conductive
element 26 in the form of a wire 26 which is wound about a central axis Z to form a plurality
of wire turns 28. Each turn 28 is in a common plane XY so that the respective coil 10, 12 is
planar. Furthermore, each turn 28 is composed of a plurality of linear sections 30 so that the
respective coil 10, 12 is polygonal in plan. Therefore the wire 26 extends in a spiral 32 between

outer and inner peripheral edges 34, 36 of the respective coil 10, 12. The wire 26 has opposite

10
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outer and inner ends 38, 40 that are electrically connected to the controller 18. In the illustrated
embodiment, each turn 28 is composed of four linear sections 42, 44, 46, 48 and the respective
coil 1s rectangular in plan. Typically, the rectangular coil 10, 12 has a length: width ratio of
from 1:1 to 3:1, optionally from 1:1 to 2:1. In the illustrated embodiment, the linear sections
42, 44, 46, 48 are equal in length and the respective coil 10, 12 is square in plan. In other
embodiments, the linear sections are equal in length and the respective coil is a regular polygon

in plan, and may, for example have more than four sides, for example five or six sides.

Referring to Figure 3, in the first and second coils 10, 12, the electrically conductive wire 26
comprises an electrically conductive core 50 surrounded by an electrically non-conductive
outer layer 52. Typically, the electrically conductive core 50 is composed of copper.
Optionally, the copper core 52 has a diameter of from 0.2 to 1 mm, for example from 0.25 to
0.75 mm, for example about 0.5 mm. Typically, the electrically non-conductive outer layer 52
is composed of an enamel. Optionally, the enamel outer layer 52 has a thickness 0.02 to 0.04

mm, for example about 0.03 mm.

As described above, instead of using a wire, the electrically conductive element 26 of the coils
may comprise an electrically conductive track on a substrate of electrically insulating material.
The electrically conductive track may be printed or etched on the substrate. The substrate may

be flexible.

In the preferred embodiment, in the first and second coils 10, 12, successive turns 28 are
mutually adjacent and in contact, and more preferably in contact along the entire length of each
turn 28. When such contact is present, adjacent turns 28 of the electrically conductive element
26 are mutually separated by an electrically insulating material. This provides that there is no
gap between the adjacent turns 28 of the coil 10, 12. Typically, each of the first and second
coils 10, 12 has from 10 to 30 turns, optionally from 15 to 25 turns, for example 18 turns.
Typically, each of the first and second coils 10, 12 has an external dimension, in the plane of

the respective coil 10, 12, within the range of from 20 to 50 mm, optionally from 25 to 45 mm.

Typically, each of the first and second coils 10, 12 has an external dimension, in the plane of
the respective coil 10, 12, relative to a diameter (D) of the pipe 4 within the range of from 0.1D
to 0.8D, for example from 0.2D to 0.4D.

In the method of monitoring a multiphase flow in a pipe using magnetic induction tomography,

there is provided a pipe 4 defining the flow conduit 6, and the first and second coils 10, 12

11
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disposed on the respective opposite first and second sides 14, 16 of the pipe 4 but those skilled
in the art will appreciate that more coils could be used to provide more measurements across

the pipe 4.

An electromagnetic field is transmitted from the first coil 12 into the multiphase flow 8. The
multiphase flow 8 may comprise any combination of two or more of an oil phase, an aqueous
phase, a solid phase and a gaseous phase. The multiphase flow 8, when the invention is being
used in the oil industry, typically comprises an oil phase, and an aqueous phase, and optionally

one or both of a solid phase and a gaseous phase.

The second coil 12 receives an electromagnetic field from the eddy currents induced in the
multiphase flow 8 and generates an output electrical signal therefrom. Each of the first and
second coils 10, 12 can act as either a transmitting or receiving coil and can change between
the two transmitting and receiving modes. As described above, an alternating electrical current,
preferably having a frequency of from 1 kHz to 10 MHz, is switched through the first coil 10
to generate from the respective energized coil 10 a local electromagnetic field which is

transmitted into the fluid conduit 6.

Thus a varying electric current is passed through the first coil 10, which may have the properties
of a sine wave, or another form, e.g. square wave, and all other potential forms of varying
current are encompassed by the present invention. The varying electric current passing through
the first coil 10 generates a varying electromagnetic flux through the multiphase flow 8 that is
within the pipe 4. Depending on the physical properties of the different phases that the
electromagnetic flux lines interrogate and in particular the electrical conductivity contrast
between the phases, for example the oil and aqueous phases, a varying current is induced in
any electrically conductive phase. This induced current in turn generates a secondary varying
electromagnetic field that propagates through the pipe 4 and is picked up by the second coil 12
that is used as a receiver. The secondary varying electromagnetic field therefore induces a
varying current in the receiver coil 12. By comparing the driving and induced currents using
appropriate processing, for example, the phase shift between the signals, allows the

conductivity contrast between the materials of the multiphase flow to be computed.

The illustrated embodiment comprises two coils, namely the first and second coils 10, 12,
which can function in a fixed operating mode, i.e. the first coil 10 acts as a transmitting coil

and the second coil 12 acts as a receiving coil, or in a dynamic operating mode, i.e. the first
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and second coils 10, 12 can be switched so as to alternate between functioning as a transmitting

coil and as a receiving coil.

In further embodiments, additional coils are provided, which have the same planar and
polygonal coil structure as described above for the first and second coils 10, 12. When more
than two coils are provided, typically one coil may function as a transmitter and other coils
may function as a receiver, so that, for example, at any point in time there is one coil that is
transmitting and all of the other coils are receiving. Once all the receiver coil signals have been
processed, one or more of the other coils becomes the transmitter and again the remainder are

receivers and so forth.

It will be appreciated by those skilled in the art that the sequencing may take place in any order
and that a complete cycle of measurements, that is, where every coil has been the transmitter
once, can occur very rapidly with, e.g., 160 to 8000, or 500 to 5000, measurement cycles every
second. This frequency being primarily limited only by the processing power of the processor
24. It will also be appreciated by those skilled in the art that after one complete cycle of
measurements a mesh of properties is produced that can be processed to provide a mesh or

image of the multiple phases across the section of the pipe.

Although this description describes each coil being either a transmitter or receiver, clearly, a
configuration can be provided whereby certain coils are always transmitters and others are
always receivers. In other embodiments coils can be enclosed within other coils so that
dedicated transmitter and receiver coils are at the same location. Those skilled in the art will
appreciate that many combinations are possible and all such combinations may be are

employed in this invention.

As described in the Applicant’s prior patent specifications as summarised above, in alternative
embodiments respective pairs of transmitting and receiving coils may be separated by a known
fixed distance along the flow direction of the pipe. Each pair of transmitting and receiving coils
may be operated as described above and can provide independent meshes or images of the flow
at two points along the pipe. It is possible to cross-correlate the measurements from two
transmitter/receiver pairs, in order to establish the time-of-flight of features that represent
different phases in the multiphase flow. The time difference between the features provides the
time it takes for the phase to travel over the fixed distance. Those skilled in the art will
appreciate that the velocity of this phase is readily computed from this information.

Correspondingly, a velocity profile across the cross section of the pipe may be obtained. That

13



WO 2020/002647 PCT/EP2019/067422

is, a mesh or image of velocities can be produced that can be used to establish the velocity
differences between the primary/continuous phase, and any other phase. Such velocities can be
obtained when the primary or continuous phase is either conducting (e.g. water) or non-

conducting fluid (e.g. oil).

The electromagnetic measurement as described above can provide phase measurements where
there is a conductivity contrast between the phases. This is possible when the different phases
or constituents are flowing in a predominately conducting (e.g. water) or non-conducting (e.g.

oil) primary phase.

Furthermore, alternative embodiments of the monitoring apparatus of the present invention for
monitoring a multiphase flow in a pipe using magnetic induction tomography may comprise a
plurality of, for example two, annular arrays of the transmitter/receiver coils 10, 12 disposed
around the pipe 4 which defines therein an imaging space. In the first array, each first coil 10
is adapted to transmit an electromagnetic field when energized by an input electrical signal,
and in the second array each second coil 12 is adapted to receive an electromagnetic field and

generate an output electrical signal.

Preferably, each first coil 10 is circumferentially offset in a direction around the pipe 4, with
respect to a respective adjacent second coil 12, to reduce or minimise direct electromagnetic

coupling between the respective first and second coils 10, 12.

In some preferred embodiments, the first and second coils 10, 12 are each provided on a
respective sheet of electrically insulating material, and the respective first or second coil 10, 12

and the sheet of electrically insulating material comprises a flexible printed circuit board.

As described in the Applicant’s prior patent specifications, the electrical current may be
selectively switched through selected first coils 10 in an array to generate from each energized
coil a local electromagnetic field. Typically, an impedance (not shown) connected to at least
some of the respective selected coils in the array is provided to modify the magnitude of the

local electromagnetic field generated from the respective energized coil element.

In one embodiment, the electrical current may be selectively switched through selected coils
in the array to provide a composite electromagnetic field generated from the energized first
coils 10, when transmitting, and the energized first coils 10 have a controllable focal point

within the pipe 4.
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In another embodiment, the electrical current may be selectively switched through selected first
coils 10 in the array 10 to provide a composite electromagnetic field received by the second
coils 12, when receiving, from a controllable focal point within the pipe 4. The controllable
focal point may be scanned across the array of first and second coils 10, 12 to scan the generated
electromagnetic field across a cross-section of the pipe 4 and/or along a flow direction along
the pipe 4. The scanning of the controllable focal point may be across a plurality of points to

provide a pixelated image of the multiphase flow.

The present invention will now be described further with reference to the following non-

limiting Examples.

Example 1

Using the definitions for the phase sensitivity and water volume flowrate fraction as described
above, the phase sensitivity of a planar, square coil as used in the monitoring apparatus of the
present invention to provide transmitting and receiving coils was calculated theoretically, using

simulations. The simulations were carried out when the coil was driven by 1I0MHz AC current.

A number of calculations of the phase sensitivity of the planar coil for a progressively
increasing number of turns was made, and the results are shown in Figure 4. Calculations were

made for the planar, square coil having 2, 6, 10, 14, 18 and 22 turns.

The value of the phase sensitivity was normalised to a normalised value within the range of
from O to 1, with the value of 1 being the highest, and most desired, value. When the calculated
parameter lies within a range, the normalisation is performed on the difference of the value

relative to the limits of the range.

It can be seen from Figure 4 that for Example 1, the phase sensitivity was high, and when at

least 6 turns are present the phase sensitivity achieves a normalised value of 1.

Furthermore, the phase dynamic range, as defined above, of the planar coil for a progressively
increasing number of turns was also calculated, and the results are shown in Figure 5. Again,

the value of the phase dynamic range was normalised as described above.

It can be seen from Figure 5 that for Example 1, the phase dynamic range was high, and when

at least 6 turns are present the phase dynamic range achieves a normalised value of 1.
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Finally, the eddy current range, as defined above, of the planar coil for a progressively
increasing number of turns was also calculated, and the results are shown in Figure 6. Again,

the value of the eddy current range was normalised as described above.

It can be seen from Figure 6 that for Example 1, the eddy current range was high, and when at

least 6 turns are present the eddy current range achieves a normalised value of 1.

The Example was repeated using a rectangular, but non-square, planar coil, and it was found

that enhanced measurement results were achieved up to a length and width coefficient of 2:1.

The Example was repeated using a different driving frequency. It was also found that at a low
driving frequency of 2 kHz, which is a typical operating frequency for using MIT for imaging
highly conductive objects, such as metals, pipelines, etc, the high normalised values for the

phase sensitivity, the phase dynamic range and the eddy current range, were still achieved.

Comparative Example 1

Example 1 was repeated, but using a circular helical coil for the calculations, and the
normalised values, for the progressively increasing number of turns, of phase sensitivity, phase

dynamic range and eddy current were calculated and the results are shown in Figures 4 to 6.

As compared to Example 1, it can be seen that for 2 turns the normalised phase sensitivity, the
normalised phase dynamic range and the normalised eddy current range for Comparative
Example 1 are higher than for Example 1, but that as the number of turns increases, these
parametric values for the circular helical coil are all lower than for Example 1. It is to be noted
that a larger number of turns, i.e. more than 2 turns, is required to achieve the combination of

high measuring sensitivity and measuring accuracy.

Comparative Example 2

Example 1 was repeated, but using a square helical coil for the calculations, and the normalised
values, for the progressively increasing number of turns, of phase sensitivity, phase dynamic

range and eddy current were calculated and the results are shown in Figures 4 to 6.

As compared to Example 1, it can be seen that for all of the measured number of turns, the
normalised phase sensitivity, the normalised phase dynamic range and the normalised eddy

current range for Comparative Example 2 are lower than for Example 1.
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A comparison between the data of Example 1 and Comparative Examples 1 and 2, highlighted
in Figures 4 to 6, shows that the planar and polygonal coil configuration used in the preferred
embodiments of the present invention can provide the following advantages: a higher phase
sensitivity, a larger phase dynamic range and greater induced eddy currents in the region of

mnterest within a pipe carrying a multiphase flow.

Another advantage of the invention is from a mechanical point of view. The arrangement of a
plurality of consecutive turns in a single plane avoids the tendency of the coil to depart from
the pipe surface in proportion to the number of turns. Therefore, the proposed coil geometry

reduces the radial dimension of the MIT apparatus mounted on or to the pipe.

It was also unexpected that the results of Figures 4 to 6 evidence that the trend for the self-
resonance frequency of rectangular coils (1:1 ratio) shows a lower slope as compared to the
trend from other geometries. In other words, for the planar and polygonal coil configuration
used in the preferred embodiments of the present invention, the values of the phase sensitivity,
phase dynamic range and induced eddy currents in the region of interest within a pipe carrying
a multiphase flow do not significantly vary when the number of turns in the coil varies. This
technical finding results in the possibility of utilising planar and polygonal coils with higher

numbers of turns without experiencing instabilities associated with capacitance resonance.

Various other embodiments of the monitoring apparatus and method of the present invention

within the scope of the appended claims will readily be apparent to those skilled in the art.
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Claims

1. A monitoring apparatus for monitoring a multiphase flow in a pipe using magnetic
induction tomography, the apparatus comprising a pipe defining a flow conduit, at least one
pair of first and second coils disposed on the pipe, wherein the first coil is adapted to transmit
an electromagnetic field into the flow conduit when energized by an input electrical signal and
the second coil is adapted to receive an electromagnetic field from the flow conduit and
generate an output electrical signal, wherein each of the first and second coils comprises an
electrically conductive element which is wound about a central axis to form a plurality of turns,
wherein each turn is in a common plane so that the respective coil is planar and each turn is
composed of a plurality of linear sections and the respective coil is polygonal in plan, the
apparatus further comprising a controller for selectively switching alternating electrical current
through the first coil to generate from the energized first coil a local electromagnetic field
which is transmitted into the fluid conduit, and for receiving an induced alternating electrical
current from the second coil which is generated from the local electromagnetic field.

2. A monitoring apparatus according to claim 1 wherein each turn is composed of four
linear sections and the respective coil is rectangular in plan.

3. A monitoring apparatus according to claim 2 wherein the rectangular coil has a length:
width ratio of from 1:1 to 3:1.

4. A monitoring apparatus according to claim 3 wherein the rectangular coil has a length:
width ratio of from 1:1 to 2:1.

5. A monitoring apparatus according to any one of claims 1 to 4 wherein in each turn the

linear sections are equal in length and the respective coil is a regular polygon in plan.

6. A monitoring apparatus according to claim 5 wherein the respective coil is square in
plan. '
7. A monitoring apparatus according to any one of claims 1 to 6 wherein the first and

second coils are disposed on respective diametrically opposite first and second sides of the
pipe.

8. A monitoring apparatus according to any one of claims 1 to 7 wherein the central axis
of the first coil is coaxial with the central axis of the second coil.

9. A monitoring apparatus according to any one of claims 1 to 8 wherein in the first and
second coils, the electrically conductive element comprises an electrically conductive wire core

surrounded by an electrically non-conductive outer layer.
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10. A monitoring apparatus according to claim 9 wherein the electrically conductive wire
core is composed of copper.

11. A monitoring apparatus according to claim 10 wherein the core has a diameter of from
0.2 to 1 mm.

12. A monitoring apparatus according to claim 11 wherein the core has a diameter of from
0.25 t0 0.75 mm.

13. A monitoring apparatus according to any one of claims 9 to 12 wherein the electrically

non-conductive outer layer is composed of an enamel.

14. A monitoring apparatus according to claim 13 wherein the enamel outer layer has a
thickness 0.02 to 0.04 mm.
15. A monitoring apparatus according to any one of claims 9 to 14 wherein in the first and

second coils, successive turns are mutually adjacent and in contact, and adjacent turns of the
electrically conductive element are mutually separated by an electrically insulating material.
16. A monitoring apparatus according to claim 15 wherein in the first and second coils,
successive wire turns are mutually adjacent and in contact along the entire length of each turn.
17. A monitoring apparatus according to any one of claims 1 to 8 wherein in the first and
second coils, the electrically conductive element comprises an electrically conductive track on
a substrate of electrically insulating material.

18. A monitoring apparatus according to claim 17 wherein the electrically conductive track
is printed or etched on the substrate.

19. A monitoring apparatus according to any one of claims 1 to 18 wherein each of the first
and second coils has from 10 to 30 turns.

20. A monitoring apparatus according to claim 19 wherein each of the first and second coils
has from 15 to 25 turns.

21. A monitoring apparatus according to any one of claims 1 to 20 wherein each of the first
and second coils has an external dimension, in the plane of the respective coil, within the range
of from 20 to 50 mm.

22. A monitoring apparatus according to claim 21 wherein each of the first and second coils
has an external dimension, in the plane of the respective coil, within the range of from 25 to 45
mm.

23. A monitoring apparatus according to any one of claims 1 to 22 wherein each of the first
and second coils has an external dimension, in the plane of the respective coil, relative to a

diameter (D) of the pipe within the range of from 0.1D to 0.8D.
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24. A monitoring apparatus according to claim 23 wherein each of the first and second coils
has an external dimension, in the plane of the respective coil, relative to a diameter (D) of the
pipe within the range of from 0.2D to 0.4D.

25. A method of monitoring a multiphase flow in a pipe using magnetic induction
tomography, the method comprising the steps of:

a. providing a pipe defining a flow conduit, and at least one pair of first and second coils
disposed on the pipe, each of the first and second coils being adapted to transmit an
electromagnetic field into the flow conduit when energized by an input electrical signal and/or
to receive an electromagnetic field from the flow conduit and generate an output electrical
signal, wherein each of the first and second coils comprises an electrically conductive element
which is wound about a central axis to form a plurality of turns, wherein each turn is in a
common plane so that the respective coil is planar and each turn is composed of a plurality of

linear sections and the respective coil is polygonal in plan;

b. flowing a multiphase flow along the pipe;
c. transmitting an electromagnetic field from the first coil into the multiphase flow; and
d. receiving by the second coil an electromagnetic field from the multiphase flow and

generating an output electrical signal therefrom.

26. A method according to claim 25 wherein each turn is composed of four linear sections
and the respective coil is rectangular in plan.

27. A method according to claim 26 wherein the rectangular coil has a length: width ratio
of from 1:1 to 3:1.

28. A method according to claim 27 wherein the rectangular coil has a length: width ratio
of from 1:1 to 2:1.

29. A method according to any one of claims 25 to 28 wherein in each turn the linear
sections are equal in length and the respective coil is a regular polygon in plan.

30. A method according to claim 29 wherein the respective coil is square in plan.

31. A method according to any one of claims 25 to 30 wherein the first and second coils
are disposed on respective diametrically opposite first and second sides of the pipe.

32. A method according to claim 31 wherein wherein the central axis of the first coil is
coaxial with the central axis of the second coil.

33. A method according to any one of claims 25 to 32 wherein in the first and second coils,
the electrically conductive element comprises an electrically conductive wire core surrounded

by an electrically non-conductive outer layer.
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34. A method according to claim 33 wherein in the first and second coils, successive turns
are mutually adjacent and in contact and adjacent turns of the electrically conductive element
are mutually separated by an electrically insulating material.

35. A method according to claim 34 wherein in the first and second coils, successive turns
are mutually adjacent and in contact along the entire length of each turn.

36. A method according to any one of claims 25 to 32 wherein in the first and second coils,
the electrically conductive element comprises an electrically conductive track on a substrate of
electrically insulating material.

37. A method according to claim 36 wherein the electrically conductive track is printed or
etched on the substrate.

38. A method according to any one of claims 25 to 37 wherein each of the first and second

coils has from 10 to 30 turns.

39. A method according to claim 38 wherein each of the first and second coils has from 15
to 25 turns.
40. A method according to any one of claims 25 to 39 wherein in step c alternating electrical

current having a frequency of from 1 kHz to 30 MHz is switched through the first coil to
generate from the respective energized coil a local electromagnetic field which is transmitted
into the fluid conduit.

41. A method according to claim 40 wherein in step c the alternating electrical current has
a frequency of from 1 kHz to 10 MHz.

42. A method according to any one of claims 25 to 41 wherein the multiphase flow
comprises at least two phases selected from an oil phase, an aqueous phase, a solid phase and
a gaseous phase.

43. A method according to claim 42 wherein the multiphase flow comprises at least three
phases selected from an oil phase, an aqueous phase, a solid phase and a gaseous phase.

44. A method according to claim 43 wherein the multiphase flow comprises all of the

phases selected from an oil phase, an aqueous phase, a solid phase and a gaseous phase.
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