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PCT PATENT APPLICATION

SYSTEMS AND METHODS FOR DETERMINING WATER-CUT

OF A FLUID MIXTURE

FIELD OF INVENTION

[0001] The present invention relates generally to measurement of fluid content and more
particularly to systems and methods for measuring the water content (or water-cut) of a fluid

mixture.

BACKGROUND OF THE INVENTION

[0002] In some instances oil and gas wells produce oil and gas along with byproducts,
such as water. These byproducts can be resident in the formation, or can be introduced into
the formation, for example, to assist in producing oil or gas from the well. For example, oil
wells are often stimulated using enhanced recovery methods, such as water injection, steam
injection, natural gas reinjection and gas lift, to increase rates for recovering oil from oil
wells. The water (or other fluids) introduced into the formation can flow into an oil well and
mix with the oil. As a result, the oil well may produce a fluid that is a mixture of water and
oil. Tracking or otherwise determining the water content in oil, also referred to as “water-cut”
can be useful for many reasons. For example, water-cut measurements can be used during
production to determine rates for introducing fluids in to a formation or well during the above
described enhanced recovery methods, in feasibility analyses of oil wells, in monitoring
refining processes (e.g., processes for desalting oil), managing pipeline use, and so forth.

Accordingly, many areas, including efficient oil production and refining processes, can
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benefit from economical systems and methods for obtaining precise measurements of water-

cut.

SUMMARY OF THE INVENTION

[0003] Applicants have recognized that, due to at least the wide range of uses for water-
cut measurements, as well as the variety of environments and locations in which water-cut
measurements may be taken, it is desirable to provide economical and robust systems and
methods for acquiring precise water-cut measurements. Moreover Applicants have
recognized a need for precise on-line / real-time water-cut measurements for continuously
monitoring water-cut of fluid flowing through a pipe, such as when an oil and water mixture
is flowing through a pipe during oil production, refining processes and/or the like. Applicants
have further recognized several shortcomings of existing systems and methods for acquiring
precise water-cut measurements. For example, Applicants have recognized that traditional
water-cut sensors for acquiring offline water-cut measurements, although sometimes precise,
are generally incapable of providing on-line / real-time information, are incapable of sensing
water-cut across full water-cut range (e.g., 0% to 100% water concentrations in oil), may be
limited to particular uses (e.g., the sensors are only capable for use with a limited range of
pipe sizes and/or environments), and/or may not be cost effective. Applicants have also
recognized that many water-cut measuring techniques, such as those based on
transmissometry, capacitance measurement, Coriolis effect, infrared (IR) spectroscopy,
gamma ray spectroscopy and microwave, may each exhibit drawbacks that can make them
inadequate for real-time, monitoring of water-cut for fluids during oil production. For
example, transmissometry based water-cut sensors can suffer from high signal losses,
especially at high water-cut and/or high salinity, which can make them unsuitable for use in
high water-cut and/or high salinity conditions. Similarly, capacitive type water-cut sensors
may not provide sufficient accuracy for high water-cut (e.g., above about 70%), which can
make them unsuitable for use in high water-cut conditions. Coriolis effect based water-cut
sensors typically exploit the difference in densities of oil and water, which are not very
different. As a result, these types of sensors can suffer from low resolution. IR spectroscopy
based water-cut sensors often employ IR sources that are susceptible to harsh-environments.
Due to the generally harsh environment of water-cut measurements during oil production, the
IR sources may need to be housed in a specialized enclosure, such as a scratch free and hard

protective material like sapphire, which can increase complexity and cost, and still may not
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provide sufficient protection from the harsh environment. Gamma ray spectroscopy based
water-cut sensors can present health hazards which can make them difficult to maintain and

handle, and limit their use.

[0004] With regard to microwave based water-cut sensors, certain microwave based
water-cut sensors rely on measuring a phase difference between transmitted and received
microwave signals, which can have a direct link with the effective permittivity of the oil and
water mixture. Some microwave based water-cut sensors may exhibit high losses and, as a
result, may not operate reliably under high water-cut conditions, especially for larger pipe
sizes. In some instances, microwave based water-cut sensors for measuring water-cut of fluid
flowing through pipes can employ transmit (Tx) and receive (Rx) antennas disposed inside of
the pipe, such that the antennas are at least partially immersed in the fluid mixture as it flows
through the pipe. The portions of the antennas immersed in the fluid flow can inhibit the fluid

flow in the pipe, which can cause an undesirable pressure loss in the fluid flow.

[0005] In some instances, microwave based water-cut sensors can employ non-planar
microwave resonators. Such resonators can be based upon either quasi cavity resonator
(*‘quasi” in the sense that such cavity resonators have open or partially open ends to have
minimum flow hindrance), cylindrical fin resonator (CFR) or terminated transmission lines
(twin wire or coaxial). Applicants have recognized that, these types of microwave based
water-cut sensors can still suffer from shortcomings. For example, cavity resonators may
require complex feeding mechanisms through Tx and Rx antennas, CFRs may be intrusive in
nature, and transmission line (TL) based resonators may need to be implemented in a bypass

fashion to main flow stream.

[0006] Recognizing these and other shortcomings of existing systems, Applicants have
developed novel systems and methods for measuring water-cut of a fluid mixture in a pipe
(e.g., the water concentration of an oil and water mixture flowing through a cylindrical pipe).
For example, described herein are embodiments of microwave resonator based water-cut
(WC) sensors, and associated systems and methods. In some embodiments, a WC sensor
employs dual ground planes disposed at least partially on opposite sides of a pipe. For
example, certain embodiments can include a T-resonator generally located on one side of the
pipe and a ground plane generally located on the opposite side of the pipe. Such a WC sensor
may be suitable for use with wide range of pipe sizes, such as the various large and small

pipes used in oil industry. As further described herein, certain embodiments of a WC sensor
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may employ the principles of series resonance introduced by a A/4 open shunt stub located in
the middle of a microstrip line. In certain embodiments, a corresponding WC determination
can be based on the measurement of a WC sensor’s resonance frequency (e.g., the resonance
frequency of a T-resonator of the WC sensor) which can vary with the relative percentage of
oil and water due to the difference in their dielectric properties. As described herein, such a
WC sensor may provide for non-intrusive, in-situ water-cut sensing over full range of
operation (e.g., for sensing water-cut of fluids having 0%-100% volumetric fraction of water
in oil).

[0007] Provided in some embodiments is a water-cut sensor system that includes a
cylindrical pipe, a microwave resonator water-cut sensor, and a measurement system. The
cylindrical pipe for routing the flow of a production fluid including a mixture of oil and
water. The microwave resonator water-cut sensor including a T-resonator, a ground
conductor, and a separator. The T-resonator disposed on a first side of a cylindrical pipe and
including: a feed line including a conductive material disposed about a first portion of an
external surface of the cylindrical pipe extending in a circumferential direction about the
cylindrical pipe; an open shunt stub including a conductive material disposed on a second
portion of the external surface of the cylindrical pipe extending in a longitudinal direction
along the cylindrical pipe, the open shunt stub being conductively coupled to the feed line; an
input terminal located at a first end of the feed line; and an output terminal located at a
second end of the feed line. The ground conductor being disposed on a second side of the
cylindrical pipe that is opposite the first side. The ground conductor including: a ground
plane including a conductive material disposed on a third portion of the external surface of
the cylindrical pipe extending in the longitudinal direction along the cylindrical pipe, with the
third portion of the external surface of the pipe being opposite the second portion of the
external surface of the pipe (such that the open shunt stub is disposed on the first side of the
cylindrical pipe and the ground plane is disposed on a second side of the cylindrical pipe that
is opposite the first side); and a ground ring including a conductive material disposed on a
fourth portion of the external surface of the cylindrical pipe extending in a longitudinal
direction. The ground ring being conductively coupled to the ground plane, and the first
portion overlapping the fourth portion such that the feed line overlaps the ground ring. The
separator including a dielectric material disposed between the feed line and the portion of the
ground ring overlapped by the feed line. The separator being adapted to electrically isolate

the T-resonator from the ground conductor. The measurement system operable to: introduce,
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to the feed line of the T-resonator via the input terminal, source signals of different
frequencies; sense, from the feed line of the T-resonator via the output terminal, response
signals corresponding to the source signals; determine a resonance frequency of the
microwave resonator water-cut sensor based at least in part on the source signals and the
response signals; and determine a percentage of oil or water in the fluid based at least in part

on the resonance frequency of the microwave resonator water-cut sensor.

[0008] In certain embodiments, the open shunt stub has a length that is the same or
greater than a diameter of the cylindrical pipe. In some embodiments, the open shunt stub has
a length that is between three and five times the diameter of the cylindrical pipe. In certain
embodiments, the feed line has a length that is the same or greater than a width of the shunt
stub. In some embodiments, the ground ring has a width that is the same or greater than a
width of the feed line. In certain embodiments, the separator has a width that is the same or
greater than a width of the feed line, and a length that is the same or greater than a length of
the feed line. In some embodiments, the ground plane has a width determined based on an
average of a first width associated with a minimum resonance frequency for oil and a second

width associated with a minimum resonance frequency for water.

[0009] In certain embodiments, determining a resonance frequency of the microwave
resonator water-cut sensor based at least in part on the source signals and the response signals
includes determining a frequency corresponding to a low point of a S21 response determined
based on the source signals and the response signals. In some embodiments, introducing
source signals of one or more frequencies includes conducting a frequency sweep across an

operating range for the microwave resonator water-cut sensor.

[0010] Provided in some embodiments is a water-cut sensor system that includes a T-
resonator, a ground conductor, and a separator. The T-resonator including: a feed line
including a conductive material disposed about a first portion of an external surface of a pipe
extending in a circumferential direction about the pipe; and an open shunt stub including a
conductive material disposed on a second portion of the external surface of the pipe
extending in a longitudinal direction along the pipe, the open shunt stub being conductively
coupled to the feed line. The ground conductor including: a ground plane including a
conductive material disposed on a third portion of the external surface of the cylindrical pipe
extending in the longitudinal direction along the cylindrical pipe, where the third portion of

the external surface of the pipe is opposite the second portion of the external surface of the
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pipe; and a ground ring including a conductive material disposed on a fourth portion of the
external surface of the cylindrical pipe extending in a longitudinal direction. The ground ring
being conductively coupled to the ground plane, and the first portion overlapping the fourth
portion such that the feed line overlaps the ground ring. The separator including a dielectric
material disposed between the feed line and the portion of the ground ring overlapped by the
feed line, and the separator being adapted to electrically isolate the T-resonator from the

ground conductor.

[0011] In certain embodiments, the open shunt stub has a length that is the same or
greater than a diameter of the pipe. In some embodiments, the open shunt stub has a length
that is between three and five times the diameter of the pipe. In certain embodiments, the feed
line has a length that is the same or greater than a width of the shunt stub. In some
embodiments, the ground ring has a width that is the same or greater than a width of the feed
line. In certain embodiments, the separator has a width that is the same or greater than a
width of the feed line, and a length that is the same or greater than a length of the feed line. In
some embodiments, the ground plane has a width determined based on an average of a first
width associated with a minimum resonance frequency for oil and a second width associated

with a minimum resonance frequency for water.

[0012] In certain embodiments, the pipe is a cylindrical pipe, and the T-resonator is
disposed on a first side of the pipe, and the ground conductor is disposed on a second side of
the pipe that is opposite the first side of the pipe. In some embodiments, the T-resonator
includes: an input terminal located at a first end of the feed line, where the input terminal is
adapted to receive source signals from an external circuit; and an output terminal located at a
second end of the feed line, where the output terminal is adapted to provide for sensing, by an
external circuit, of response signals corresponding to the source signals. Further, a resonance
frequency of the microwave resonator water-cut sensor is determined based at least in part on
the source signals and the response signals, and a water-cut of fluid in the cylindrical pipe is
determined based at least in part on the resonance frequency of the microwave resonator

water-cut sensor.

[0013] In certain embodiments, the system further includes a measurement system
adapted to: introduce, to the feed line of the T-resonator, source signals of different
frequencies; sense, from the feed line of the T-resonator, response signals corresponding to

the source signals; determine a resonance frequency based at least in part on the source
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signals and the response signals; and determine a water-cut of a fluid in the pipe based at
least in part on the resonance frequency of the microwave resonator water-cut sensor. In
some embodiments, determining a resonance frequency based at least in part on the source
signals and the response signals includes determining a frequency corresponding to a low
point of a S21 response determined based on the source signals and the response signals. In
certain embodiments, introducing source signals of one or more frequencies includes

conducting a frequency sweep across an operating range for the water-cut sensor.

[0014] Provided in some embodiments is a method for sensing water-cut of a fluid in a
cylindrical pipe. The method including: introducing, to a T-resonator of a water-cut sensor
disposed on the cylindrical pipe, source signals of different frequencies; sensing, from the T-
resonator of the water-cut sensor, response signals corresponding to the source signals;
determining a resonance frequency of the water-cut sensor based at least in part on the source
signals and the response signals; and determining a percentage of oil or water in the fluid

based at least in part on the resonance frequency of the water-cut sensor.

[0015] In certain embodiments, the water-cut sensor includes a T-resonator, a ground
conductor, and a separator. The T-resonator including: a feed line including a conductive
material disposed about a first portion of an external surface of a pipe extending in a
circumferential direction about the pipe; and an open shunt stub including a conductive
material disposed on a second portion of the external surface of the pipe extending in a
longitudinal direction along the pipe, with the open shunt stub being conductively coupled to
the feed line. The ground conductor including: a ground plane including a conductive
material disposed on a third portion of the external surface of the cylindrical pipe extending
in the longitudinal direction along the cylindrical pipe, wherein the third portion of the
external surface of the pipe is opposite the second portion of the external surface of the pipe;
and a ground ring including a conductive material disposed on a fourth portion of the external
surface of the cylindrical pipe extending in a longitudinal direction. The ground ring being
conductively coupled to the ground plane, and the first portion overlapping the fourth portion
such that the feed line overlaps the ground ring. The separator including a dielectric material
disposed between the feed line and the portion of the ground ring overlapped by the feed line,
and the separator being adapted to electrically isolate the T-resonator from the ground

conductor.
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[0016] Provided in some embodiments is a method for manufacturing a water-cut sensor.
The method including: disposing a first mask on an external surface of the pipe, with the first
mask including a first opening at a first portion of the external surface of the pipe for forming
an open shunt stub of a T-resonator; disposing a conductive material into the first opening to
form the open shunt stub of the T-resonator on the first portion of the external surface of the
pipe; disposing a second mask on the external surface of the pipe, the second mask including
a second opening at a second portion of the external surface of the pipe for forming a ground
plane of a ground conductor, with the second portion of the external surface being opposite
the first portion of the external surface; disposing a conductive material into the second
opening to form the ground plane of the ground conductor on the second portion of the
external surface of the pipe; disposing a third mask on an external surface of the pipe, with
the third mask including a third opening at a third portion of the external surface of the pipe
for forming a ground ring of the ground conductor, the third portion extending at least from
the ground plane about a circumference of the pipe; disposing a conductive material into the
third opening to form the ground ring of the ground conductor on the third portion of the
external surface of the pipe, with the ground ring being conductively coupled to the ground
plane; disposing a dielectric separator on at least a portion of the ground ring to be
overlapped by a feed line of the T-resonator; disposing a fourth mask on an external surface
of the pipe, with the fourth mask including a fourth opening at an external surface of the
dielectric separator for forming the feed line of the T-resonator; and disposing a conductive
material into the fourth opening to form the feed line of the T-resonator on the external
surface of the dielectric separator, with the feed line being conductively coupled to the open

shunt stub.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1 is a block diagram that illustrates an example water-cut (WC) sensing

system in accordance with one or more embodiments.

[0018] FIGs. 2A and 2B are diagrams that illustrate example microwave resonator
systems employing a microstrip line mode and a co-planer waveguide mode, respectively, in

accordance with one or more embodiments.

[0019] FIG. 3 is a plot diagram that illustrates values of characteristic impedance of a
standard microstrip line and co-planer waveguide modes in accordance with one or more

embodiments.

[0020] FIG. 4 is a diagram that illustrates an example ring resonator microstrip line based

microwave resonator system in accordance with one or more embodiments.

[0021] FIG. 5 is a diagram that illustrates an example T-resonator microstrip line based

microwave resonator system in accordance with one or more embodiments.

[0022] FIG. 6 is a diagram that illustrates example components of a T-resonator in

accordance with one or more embodiments.

[0023] FIG. 7 is a table that illustrates example simulation results of parametric study of
the effect of the characteristic impedance of the open shunt stub (Zg.ss) of a T-resonator on

performance of the T-resonator in accordance with one or more embodiments.

[0024] FIG. 8A is a diagram that illustrates field lines extending from a signal conductor
to a relatively wide ground plane of a ground conductor on a pipe in accordance with one or

more embodiments.

[0025] FIG. 8B is a diagram that illustrates field lines extending from a signal conductor
to a relatively narrow ground plane of a ground conductor on a pipe in accordance with one

or more embodiments.

[0026] FIG. 9A is a plot diagram that illustrates example results for resonance frequency
versus different arc lengths (or widths) of a ground plane employed on a pipe filled with

water in accordance with one or more embodiments.
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[0027] FIG. 9B is a plot diagram that illustrates example results for resonance frequency
versus different arc lengths (or widths) of a ground plane employed on a pipe filled with oil

in accordance with one or more embodiments.

[0028] FIGs. 10A-E are diagrams that illustrate of various views of an example

embodiment of a water-cut sensing system in accordance with one or more embodiments.

[0029] FIG. 11A is a diagram that illustrates a planar view of the T-resonator of FIGS.

10A-10E in accordance with one or more embodiments.

[0030] FIG. 11B is a diagram that illustrates a planar view of the ground conductor of

FIGS. 10A-10E in accordance with one or more embodiments.

[0031] FIG. 12 is a flowchart that illustrates an example method of determining water-cut
of a water-oil fluid mixture in a pipe using a microwave based water-cut sensor in accordance

with one or more embodiments.

[0032] FIGs. 13A-13C are diagrams that illustrate examples of various masks that can be
employed in the manufacture of a water-cut sensor in accordance with one or more

embodiments.

[0033] FIG. 14 is a flowchart that illustrates an example method of manufacturing a

microwave based water-cut sensor for a pipe in accordance with one or more embodiments.

[0034] FIG. 15 is a plot diagram that illustrates example S21 responses of a water-cut

sensor determined for fluids in a pipe in accordance with one or more embodiments.

[0035] FIG. 16A is a plot diagram that illustrates an example comparison of simulated vs.
measured characteristic curves of a WC sensor with homogeneously mixed oil and water in

accordance with one or more embodiments.

[0036] FIG. 16B is a plot diagram that illustrates an example comparison of simulated vs
measured characteristic curves of a WC sensor with separate oil and water phases in

accordance with one or more embodiments.

[0037] FIG. 17 is a diagram that illustrates an example computer system in accordance

with one or more embodiments.

[0038] While this disclosure is susceptible to various modifications and alternative forms,
specific embodiments thereof are shown by way of example in the drawings and will be

described in detail herein. The drawings may not be to scale. It should be understood,

10
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however, that the drawings and the detailed descriptions thereto are not intended to limit the
disclosure to the particular form disclosed, but, to the contrary, the intention is to cover all
modifications, equivalents, and alternatives falling within the spirit and scope of the present

disclosure as defined by the appended claims.
DETAILED DESCRIPTION OF THE INVENTION

[0039] The present invention will now be described more fully hereinafter with reference
to the accompanying drawings in which example embodiments of the invention are shown.
This invention may, however, be embodied in many different forms and should not be
construed as limited to the illustrated embodiments set forth herein, rather, these example
embodiments are provided so that this disclosure will be thorough and complete, and will

fully convey the scope of the invention to those skilled in the art.

[0040] Described herein are systems and methods for measuring the water content (or
water-cut) of a fluid mixture. For example, certain embodiments are provide for measuring
water content in oil (e.g., volumetric fraction of water in oil), also referred to as water-cut
(WCQ). In some embodiments, provided is a microwave resonator based water-cut (WC)
sensor, and associated systems and methods. In some embodiments, a WC sensor can provide
non-intrusive, in-situ water-cut sensing over full range of operation (e.g., sensing water-cut of
fluids having 0%-100% volumetric fraction of water in oil). As described herein, in some
embodiments, a WC sensor employs series resonance introduced by a A/4 open shunt stub
located in the middle of a microstrip line. In some embodiments, a WC sensor can include a
planar microwave resonator. For example, a WC sensor may include a signal conductor (SC)
(e.g., a first plane) disposed at a first/upper/top surface of a cylindrical pipe, and a ground
conductor (GC) (e.g., a second plane) disposed at a second/lower/bottom surface of the
cylindrical pipe that is opposite the first/upper/top surface of the pipe. In some embodiments,
the signal conductor may include a “T-resonator”. For example, the signal conductor may
include a generally ““T” shaped conductive material (e.g., copper) disposed along the length
of the first/upper/top surface of the pipe. The ground conductor may include a generally
rectangular shaped conductive material (e.g., copper) that is disposed along the length of the
second/lower/bottom surface of the pipe and may include a ground ring that wraps around the
circumference (e.g., wraps about the diameter) of the pipe and under a feed line of the T-
resonator. Further details of embodiments of such a WC sensor system, and relevant

concepts behind the embodiments, are discussed in more detail herein.
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[0041] FIG. 1 is a block diagram that illustrates an example water-cut (WC) sensing
system 100 in accordance with one or more embodiments. In some embodiments, the WC
sensing system 100 includes a water-cut (WC) sensor 102, a cylindrical pipe 104, and/or a
measurement processing system 106. As discussed herein, the water-cut (WC) sensor 102
may be disposed on (or otherwise integrated with) the cylindrical pipe 104. In some
embodiments, the WC sensor 102 can include a first/signal conductor (SC) 110 (e.g., a first
conductive plane), such as a T-resonator, disposed at a first/upper/top surface 112 of the
cylindrical pipe 104, and a ground conductor (GC) 114 (e.g., a second conductive plane)
disposed at a second/lower/bottom surface 116 of the cylindrical pipe 104 that is opposite the
first/upper/top surface 112 of the pipe 104. That is, the center of the ground conductor 114
may be disposed about 180 degrees about the longitudinal axis of the pipe 104 from the
center of the signal conductor 110. In some embodiments, the ground conductor 114 may
include a ring portion that extends about the circumference of the pipe 104. Thus, the ground
conductor 114 may have a conductive path that wraps completely around the pipe 104.
Certain embodiments of a WC sensor system employing a T-resonator, are discussed in more

detail herein with regard to at least FIGs. 10A-10E.

[0042] In such as configuration, the WC sensing system 100 can be employed to sense a
water-cut of a fluid 108 (e.g., a water and oil mixture) (or other substrate) flowing through, or
otherwise present in, the pipe 104. For example, the measurement processing system 106 may
introduce one or more source signals into the WC senor 102 and/or sense one or more
corresponding response signals from the WC senor 102, and may analyze the characteristics
of the one or more source signals and/or the one or more corresponding response signals to
determine a resonance frequency of the WC sensor 102 in the presence of the fluid 108 (e.g.,
a resonance frequency of the signal conductor 110 (e.g. the T-resonator) with the fluid 108
currently flowing through or otherwise located in the pipe 104 (e.g., the fluid 108 located
between the signal conductor 110 and the ground conductor 114), and based on a
predetermined correlation between the water-cut of a fluid mixture flowing through the pipe
104 and the resonance frequency of the WC sensor 102, determine the water-cut of the fluid
108. That is, the water-cut of the fluid 108 passing through the pipe 108 can be determined
based on the resonance frequency of the WC sensor 102 at or near the time when the fluid
108 passes through the portion of the pipe 104 on which the WC sensor 102 is disposed. As

described herein, such a WC sensor 102 may be non-intrusive, may be scaled to a wide
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variety of pipe sizes, may be implemented using relatively simple and inexpensive

manufacturing techniques, and may be able to achieve at least about 0.1% repeatability.

[0043] Although certain embodiments are described herein with regard to a T-resonator
type signal conductor 110 for the purpose of illustration, embodiments can include any
suitable type/shaped signal conductor 110. For example, embodiments can be employed
using a ring type signal conductor 110, or other suitable type/shape signal conductor 110, in
place of or in conjunction with a T-resonator type signal conductor 110. Embodiments of a
WC sensor system employing a ring type signal conductor 110 (e.g., a “ring-resonator” are
discussed in more detail herein with regard to at least FIG. 4. Further details of embodiments
of such a WC sensor system 100, and relevant concepts behind the embodiments, including
certain characteristics of the various elements of embodiments of the WC sensor system 100,
such as the shapes, dimensions, placement and/or the like of signal and/or ground conductors,

are discussed in more detail herein.

[0044] In some embodiments, a microwave resonator of a WC sensor described herein
may be characterized in a manner similar to a transmission line (TL), with a fluid present
between the signal and ground conductors of the WC sensor being characterized as a
substrate of the TL. The characteristic impedance of a transmission line may be the ratio of
the voltage and current of a wave travelling along the line. When the wave reaches the end of
the line, in general, there can be a reflected wave which travels back along the line in the
opposite direction. When this wave reaches the source, it may add to the transmitted wave
and the ratio of the voltage and current at the input to the line may no longer be the
characteristic impedance. This new ratio is called the input impedance. The input impedance
of an infinite line may equal the characteristic impedance since the transmitted wave is never
reflected back from the end. It can be shown that an equivalent definition is: the characteristic
impedance of a line is that impedance which when terminating an arbitrary length of line at
its output will produce an input impedance equal to the characteristic impedance. This is so

because there is no reflection on a line terminated in its own characteristic impedance.

[0045] A substrate (e.g., with dielectric constant of (g;) and loss tangent (tand)) may
define the capacitance (C) and conductance (G) of a transmission line (TL) which affects its
characteristic impedance (Zy), as evident from the following equations for characteristic
impedance (Zy) (eq. 1), and speed of microwaves passing through it (eq. 2). Characteristic

impedance (Z) for a transmission (TL) may be expressed as follows:

13



WO 2017/040102 PCT/US2016/048128

z, = | Rt )
G+ joC

where R is the resistance per unit length, considering the two conductors to be in series, L is
the inductance per unit length, G is the conductance of the dielectric per unit length, C is the
capacitance per unit length, j is the imaginary unit, and ® is the angular frequency.
Microwaves may be passed through a dielectric medium by alternate cycles of charging and
discharging, such that high storage capacity (e.g., high capacitance or g;) of the substrate can
cause hindrance in changing polarity, thereby causing a reduction in the speed of
microwaves, as evidenced by (eq 2). The velocity (v) of a microwave in a dielectric medium

can be expressed as follows:

2)

where c is the speed of light (e.g., about 2.998x10° meters per second (m/s)), and eefr; is the
effective permittivity of the dielectric medium through which the microwave is traveling and
depends upon the fringing field pattern defined by the placement of signal and ground
conductors. A difference in speed of microwaves can cause a TL of the same physical length
to appear electrically different for substrates of different dielectric constants (g;) (e.g., which
may vary from about 2.6 to about 80 for different water-cuts). The microwave resonance
phenomenon may be based upon the superposition of two oppositely travelling waves which
causes the standing wave pattern to appear at different frequencies, depending upon the speed
of microwaves, as provided by equation 2. As such, resonance frequency of a microwave

resonator may be correlated with the substrate’s dielectric constants (g;).

[0046] In some embodiments, planar microwave resonators can be constructed using
different transmission line (TL) modes. For example, resonators can be constructed using a
microstrip line mode configuration or a co-planar waveguide (CPW) mode configuration. A
microstrip line mode configuration may employ sandwiching of a dielectric medium between
a signal conductor and ground conductor. A CPW mode configuration may employ
conductors disposed side-by-side on the surface of a dielectric medium. Of these two modes,
microstrip line may more sensitive to the change in dielectric properties of the substrate. This
sensitivity of microstrip line may be attributable to its sandwiching of a dielectric medium
between signal and ground conductors, which can enable electric fields (E fields) and

magnetic field (H fields) to penetrate into and through the medium located there between. In
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contrast, the side by side conductor placement a CPW mode may allow a relatively large
proportion of fields to be directed into air adjacent the medium, with less fields penetrating

into and through the medium.

[0047] FIGs. 2A and 2B are diagrams that illustrate example microwave resonator
systems 200a and 200b employing a microstrip line mode and a CPW mode, respectively, in
accordance with one or more embodiments. FIGs. 2A and 2B both illustrate a signal
conductor 202, ground conductor(s) 204, and a substrate (or medium) 206, as well as
example E field lines (arrows 208) and H field lines (arrows 210) extending there between.
As depicted in FIG. 2A, a relatively large amount of the E field lines penetrate the substrate
206 (e.g., as indicated by the arrows 208 extending from the signal conductor 202 to the
ground conductor 204), with some of the H field lines passing through a portion of the
substrate 206 (e.g., as indicated by only the lower portion of the H-field arrows 210
extending through the substrate 206 from the signal conductor 202 to the ground conductor
204). As depicted in FIG. 2B, a relatively small amount of the E field lines penetrate the
substrate 206 (e.g., as indicated by only the lower portion of the arrows 208 extending
through the substrate 206 from the signal conductor 202 to the ground conductors 204 on
either side). As indicated in FIGs. 2A and 2B, in both microstrip line mode and CPW mode, a
similar portion of the H field may penetrate the substrate 206 (e.g., as indicated by the lower
half of the arrows 210 extending through the upper portion of the substrate 206 that is

adjacent to the conductors 202).

[0048] To verify the above described effect quantitatively, a model (e.g., an high
frequency structural simulator (HFSS) model) can be generated for the microstrip line mode
and/or the CPW mode. FIG. 3 is a plot diagram 300 that illustrates values of characteristic
impedance (Q or Z) of a standard microstrip line and CPW modes as a function of substrate
permittivity at 200MHz (megahertz) in accordance with one or more embodiments. The
lower line in the diagram 302 represents the characteristic impedance (€ or Zy) as a function
of relative electric permeability for a microstrip line mode, and the upper line in the diagram
304 represents the characteristic impedance (£ or Zy) as a function of relative electric
permeability for a CPW mode. The illustrated embodiment may correspond to a substrate
having a thickness of about 1.6mm (millimeters). The diagram 300 illustrates the real part of
characteristic impedance (Zo) of both TL modes matched to 50ohms at a relative electric

permeability (g;) of about 2 for the medium, which is typical for oils. As can be seen, the
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CPW mode may be less affected by the shape/thickness of the substrate than the microstrip
mode. This may be attributable to a relatively low amount of the field lines for the CPW
penetrating the substrate. Thus, CPW may be suitable for wrapping the conductors around a
non-planar structure, such as a three-dimensional (3D) cylindrical pipe surface. In some
embodiments, the dependency of microstrip mode the geometric structure of substrate may be
resolved using a dual ground plane microstrip TL, such as that described herein (e.g., a WC
sensor for a pipe that includes a signal conductor (e.g., a T-resonator) disposed on one side of

the substrate, and a ground conductor disposed on an opposite side of the substrate).

[0049] In some embodiments, different types of microstrip line based microwave
resonators can be implemented, such as a ring resonator (e.g., a circular resonator or an
elliptical resonator) or an open/short circuited stub resonator (e.g., a T-resonator). FIG. 4 is a
diagram that illustrates an example ring resonator microstrip line based microwave resonator
system (or “ring system”) 400 in accordance with one or more embodiments. FIG. 5 is a
diagram that illustrates an example T-resonator microstrip line based microwave resonator
system (or “T-resonator system’™) 500 in accordance with one or more embodiments.
Referring to at least FIG. 4 the ring system 400 may include a WC sensor 102 having a ring
shaped (e.g., circular or elliptical) signal conductor 110 disposed on one side (e.g., a
first/upper/top side) of a pipe 104, and a ground conductor 114 (e.g., generally rectangular in
shape) disposed on an opposite side (e.g., a second/lower/bottom side) of the pipe 104.
Referring to at least FIG. 5 the T-resonator system 500 may include a WC sensor 102 having
a T-shaped signal conductor 110 (e.g., having a feed line (FL) and an open shunt stub (SS))
disposed on one side (e.g., a first/upper/top side) of a pipe 104, and a ground conductor 102
(e.g., generally rectangular in shape) disposed on an opposite side (e.g., a
second/lower/bottom side) of the pipe 104. Although certain embodiments are described
herein with regard to a T-resonator type signal conductor 110 for the purpose of illustration,
embodiments may include any suitable type/shaped signal conductor 110. For example,
embodiments can be employed using a ring type signal conductor 110, or other suitable
type/shape signal conductor 110, in place of or in conjunction with a T-resonator type signal

conductor 110.

[0050] A T-resonator may include a transmission line (TL) (used for feeding and
receiving microwave energy) shunted with either a 2/4 length of open circuited or A/2 length

of short circuited stub. A A/4 open circuited stub may be relatively short in size (for a given
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operational frequency) and, in some instances may be implemented without requiring any via.
FIG. 6 is a diagram that illustrates example components of a T-resonator 600 laid flat on a
substrate 601 in accordance with one or more embodiments. As depicted, the T-resonator 600
may include a conductive material of a “T” shape, having a feed line (FL) 602 and an open
shunt stub (SS) 604. The feed line may include a first port 606 and a second port 608. The
first port 606 may be used to introduce a signal (e.g., at a given frequency and phase) into the
T-resonator 600. The second port may be used to sense a corresponding response signal (e.g.,
having a frequency and/or phase that may be different than the introduced signal). When
deployed on a cylindrical pipe, the T-resonator 500 may take on a generally curved profile to
that conforms to a surface of a pipe, as discussed in more detail herein with regard to at least

FIGs. 10A-10E.

[0051] At resonance frequencies, an open shunt stub may appear as a short circuit after
A4 transformation (m radian rotation on the smith chart) in the middle of the transmission
line. That is, incident and reflected waves may differ by about 180° (opposite in phase) at
resonance frequencies, in the middle of transmission line, causing choke of signal
transmission (e.g., due to destructive interference) between the ports. So, an S21 response
(e.g., a response signal at the second port 508 due to a source signal introduced at the first
port 506, representing the power transferred from the first port 506 to the second port 508) of
the T-resonator may be characterized by dips at the resonance frequencies. A resonance
frequency of a T-resonator can indicate the dielectric constant (g;) of the substrate, and a
guided wavelength (%,) can indicate the resonance frequency of a T-resonator. Based on these
relationships, the guided wavelength (i,) and/or the resonance frequency of a T-resonator
may be utilized to find an unknown dielectric constant (g;) and loss of a medium (e.g., the
dielectric constant (g,) and loss of an oil/water mixture flowing through a pipe 300 on which a

microwave resonator, including a T-resonator similar to T-resonator 500, is disposed).

[0052] As discussed herein, embodiments of a WC sensor employing a microwave
resonator system may include wrapping a signal conductor of a T-resonator on circumference
of upper semi-cylindrical pipe surface and ground conductor on lower semi-cylindrical

surface. In such an embodiment, several factors may be considered, including the following:
a) guided wavelength (%) of the open shunt stub (SS) (he-s);
b) characteristic impedance (Zo) of the open shunt stub (SS) (Zo.ss); and

¢) characteristic impedance (Zo)of the feed line (FL) (Zo.rp).
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[0053] With regard to the guided wavelength (%) of an open shunt stub, the wavelength

of microwaves in a medium can be defined as follows:

s 3)

where %o is a free space wavelength, and ey is the effective permittivity of the dielectric
medium through which the microwave is traveling and depends upon the fringing field
pattern defined by the placement of signal and ground conductors. The effective permeability

(ger) may depend upon the following parameters:
a) a distance between signal and ground conductor; and
b) a dielectric constant (g,) of the substrate.

[0054] For the open shunt stub, the distance between ground and signal conductor may
remain fixed so the guided wavelength (%,) may depend only on a dielectric constant (g;) of
the substrate (e.g., the mixture inside the pipe). An increase in WC (e.g., an increase in the
proportion of water to oil in the mixture) may cause the effective permeability (e) to
increase and/or the guided wavelength (2,) to decrease. Consequently same physical length of
shunt stub of T-resonator may appear electrically larger at a high WC, with a decreased

resonance frequency.

[0055] With regard to the characteristic impedance (Zg) of the open shunt stub (SS) (Z,.
ss), similar to Ag, the characteristic impedance of the open shunt stub (Z¢ss) can also depend
upon the effective permeability (e.s). The characteristic impedance of the open shunt stub
(Zy.ss), however, may not have any pronounced effect on the performance of the T-resonator.
This can be verified by a parametric study investigating the effect of the characteristic
impedance of the open shunt stub (Z.ss) on performance of a simple flat substrate based T-
resonator. FIG. 7 is a table 700 that illustrates example simulation results of parametric study
of the effect of the characteristic impedance of the open shunt stub (Zy.ss) of a T-resonator on
performance of the T-resonator in accordance with one or more embodiments. The table 700
may illustrate that good signal rejection (dip) in S21 response (at fy) can be achieved (e.g., fo
can be identified) irrespective of the characteristic impedance of the open shunt stub (Zgss).
Moreover, the effective permeability (e) increases, approaching dielectric constant (), for

decreasing values of the characteristic impedance of the open shunt stub (Zygs). This may be
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attributable to field lines becoming denser in the substrate, resulting in fO shifting towards

lower frequencies.

[0056] In some embodiments of a T-resonator implemented on a pipe surface, the
physical width of shunt stub may be constant along its length. As demonstrated by the values
in the table 700 of FIG. 7, in such an embodiment, with an increase in WC (e.g., an increase
in the proportion of water to oil in the mixture) which appears as an increase in the effective
permeability (e.f), the characteristic impedance of the open shunt stub (Zy.ss) may decrease,
the width of the shunt stub may appear to increase, and the resonance frequency (fy) may
decrease. That is, increasing WC (e.g., increasing the effective permeability (e.¢r)) can cause a
decrease in the guided wavelength (2,) and the characteristic impedance of the open shunt

stub (Zoss), and, as a result, a decrease in the resonance frequency (fy) of the resonator.

[0057] With regard to the characteristic impedance (Zo) of the feed line (FL) (Zo.rr), since
feed line can be utilized to provide and/or receive the microwave signal from the open shunt
stub, it may be matched to about 50Q (the characteristic impedance (Zy) of most of
measurement equipment) to avoid mismatch losses which can negatively affect the WC

sensor’s performance.

[0058] In some embodiments, the characteristic impedance of the feed line (Zo.r) may

vary based on at least the following:
a) the variable distance between the signal conductor and the ground conductor; and
b) the variable dielectric constant (g,) of the mixture inside the pipe.

[0059] As discussed herein, in some embodiments, a separate ring shaped ground (or
“ground ring”) for the feed line can be included. Such a ground ring may eliminate, or
otherwise reduce, the effect that the variable distance between the signal conductor and the
ground conductor and/or the variable dielectric constant (g;) of the mixture inside the pipe has
on the characteristic impedance of the feed line (Zor). In some embodiments, this
supplemental ground plane (or ground ring), may be disposed between the curved feed line
and the surface of a cylindrical pipe, and may connect with a main ground plane (or “bottom”
ground plane) (GP) of the ground conductor. In some embodiments, the feed line and the
ground ring may be separated by a dielectric separator. Example embodiments of ground
rings and dielectric separators are discussed in more detail herein with regard to at least FIGs.

10A-10E.
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[0060] As discussed herein, a T-resonator based WC sensor can be employed on a variety
of different sized pipes. This can be advantageous in the oil and gas industry, for example, as
WC measurements may be taken for fluid flowing through a variety of different sized pipes
(e.g., pipes up about 1500mm in diameter, or more). In an example embodiment, a pipe may
have an internal diameter of about 46mm and an outer diameter of about 50mm. Although the
length of the pipe may vary by application, a T-resonator based WC sensor may be disposed,

for example, on a given length of the pipe (e.g., across about 350mm of the pipe’s length).

[0061] For shorter lengths, a majority of the fields from the open shunt stub may
terminate at the ground ring which may severely affect the resonance sensing phenomenon.
The length of the open shut stub may also determine the operational range of the WC sensor.
In some embodiments, the open shunt stub may have a length that is the same or greater than
the diameter of the pipe (which is about the separation between the open shunt stub and the
main ground plane of the ground conductor). For example, in the above described
embodiment, the open shunt stub may have a length that is greater than about 50mm. In some
embodiments, the length may be up to several times the diameter of the pipe. For example,
the open shunt stub may have a length that is about three to five times longer than the
diameter of the pipe (e.g., about 3x to 5x the separation between open shunt stub and the
main ground plane of the ground conductor). For example, in the above described
embodiment, the open shunt stub may have a length that is about 250mm (or about 5x the OD
of the pipe). A length of about 250mm may, for example, provide an operating range of

about 80MHz-190MHz.

[0062] As discussed here, the width (or arc length) of the open shunt stub may determine
its characteristic impedance (Zy.ss), but the actual characteristic impedance (Zy.ss) may vary
as the dielectric constant (g,) of the substrate varies (e.g., in the presence of different oil and
water mixtures). Continuing with the above example, including an open shunt stub having a
length of about 250mm, the shut stub may have a width of about 25.4mm to provide a
characteristic impedance of the open shunt stub (Zy.ss) of about 50Q. If an average distance
between the signal conductor and ground plane is considered to be about to be 45mm, along
with an effective permeability (e.¢) variation of about 2-80, then this width of about 25.4mm
may correspond to characteristic impedance of the open shunt stub (Zgss) between about

108Q-20Q (e.g., similar to the same range provided in table 700 of FIG. 7).
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[0063] In some embodiments, the length of the feed line can be about the same or greater
than the width of the shunt stub. Continuing with the above example, including a shunt stub
having a width of about 25.4mm, the length of the feed line may be about 45mm. In some
embodiments, the width of the feed line can be dimensioned to achieve a desired
characteristic impedance. Continuing with the above example, the width of the feed line may

be about 2.5mm to provide a characteristic impedance of the feed line (Zo. ) of about 50Q.

[0064] In some embodiments, the width of the ground ring can be dimensioned to be the
same or greater than the width of the feed line. For example, the width of the feed line may
be about 2.5 times the width of the feed line. Continuing with the above example, including a

feed line width of about 2.5mm, the width of the ground ring may be about 6.3mm.

[0065] In some embodiments, the separator can be dimensioned to provide physical
and/or electrical isolation between the feed line and the ground ring. The width of the ground
ring can be dimensioned to be about the same or greater than the width of the feed line and/or
the ground ring. Continuing with the above example, including a ground ring having a width
of about 6.3mm, the width of the separator may be about 6.3mm. In some embodiments, the
length of the separator may be about the same or greater than the length of the feed line.
Continuing with the above example, including a feed line length of about 45mm, the length
of the separator may be about 45mm. In some embodiments, the separator may be of a
sufficient thickness to provide physical and/or electrical isolation between the feed line and
the ground ring. Continuing with the above example, the separator may have a dielectric
constant (g;) of about 2.8 and a constant thickness of about 1mm. Such a constant thickness
separator may provide a constant separation distance between the feed line and the ground
ring.

[0066] In some embodiments, the ground plane (GP) can be dimensioned to provide a
field pattern that encompasses a relatively large amount of a cross-sectional area inside the
pipe. Such a pattern may enable the field to pass through a relatively large portion of the
medium flowing through the pipe (e.g., across the entirety of the cross-sectional area of the
pipe) to provide an accurate representation of the medium flowing through the pipe as a
whole, as opposed to the field passing through only portions of the flow (e.g., in the upper
portion of cross-sectional area of the pipe) which may only provide a representation of the

medium flowing through those limited portions of the pipe.
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[0067] Referring to FIG. 8 A, which is a diagram that illustrates field lines extending from
a signal conductor 110 to a relatively wide “bottom™ or “main” ground plane 802 of a ground
conductor 114 on a pipe 104 in accordance with one or more embodiments, a ground plane
802 with a relatively large width (e.g., having an arc length spanning a greater portion of the
curvature of the second/lower/bottom side of the pipe 104), may cause a larger number of the
field lines to terminate at or near the edges of the ground plane 802, with a smaller number of
the field lines terminating on the central/bottom portion of the bottom ground plane 802. As a
result, the field lines may pass through the upper/outside edges of the interior of the pipe 104,
but may not cross through the lower/center portion of the interior of the pipe 104. Such an
embodiment (e.g., incorporating a relatively wide ground plane 802) may be sensitive to
relative percentage change of oil and water which occurs in the edge/side portions of the
interior of the pipe 104, but may not be very sensitive to relative percentage change of oil and

water which occurs in the lower/central portion of the interior of the pipe 104.

[0068] Referring to FIG. 8B, which is a diagram that illustrates field lines extending from
a signal conductor 110 to a relatively narrow ground plane 802 of a ground conductor 114 on
a pipe 104 in accordance with one or more embodiments, a ground plane 802 with a
relatively small width (e.g., having an arc length spanning a lesser portion of the curvature of
the second/lower/bottom side of the pipe 104), may cause the field lines to pass primarily
through the central portion of the interior pipe 104 and terminate along the ground plane 802,
with a smaller number of the field lines extending through the edge/side portions of the
interior of the pipe 104. As a result, the field lines may pass through the lower/center portion
of the interior of the pipe 104, but may not pass through the edge/side portions of the interior
of the pipe 104. Such an embodiment (e.g., incorporating a relatively narrow ground plane
802) may be sensitive to relative percentage change of oil and water which occurs in the
lower/central portion of the interior of the pipe 104, but may not be very sensitive to relative
percentage change of oil and water which occurs in the edge/side portions of the interior of
the pipe 104. Accordingly, the width (or “arc length”) of the ground plane 802 can play
significant role in the performance of a WC sensor. As described herein, embodiments may
employ a ground plane having a width that reduces fringing of the field and, thus, provides
improved sensitivity. That is, a ground plane may be of an optimum size (e.g., to provide

field lines that are similar to that shown in FIG. 8B) to provide improved performance.
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[0069] In some instances, a minimum fringing field point can depend on the medium
inside the pipe 104. Given this dependency, a parametric study on the arc length size of the
ground plane 802 can be conducted for at least two extreme cases (e.g., a pipe filled with
water and pipe filled with oil), and the study may be used to determine the arc length (e.g.,
the width) of the ground plane 802 to be used. Starting from an arc length of about 64mm, for
example, the arc length of the ground plane 802 may be decreased and tested iteratively, in
an effort to expose a valley point where a minimum resonance frequency of T resonator
occurs. Decreasing the size of ground plane 802 may cause decrement in fringing through air
and increment in the effective permeability (e.¢) experienced for a T-resonator. This may, in
turn, decrease the resonance frequency as explained above. Moreover, decreasing the arc
length of the ground plane 802 beyond the valley point may causes the E fields to terminate
at the ground ring instead of the ground plane 802 (e.g., as described with regard to FIG. 8A).
Decreasing the arc length of the ground plane 802 beyond the valley point may also hinder
the propagation of microwaves along the full length of the shunt stub, causing an increase in
resonance frequency. A smaller ground plane 802 created by decreasing the ground plane arc
length beyond the valley point can also cause radiation loss, which may be undesirable. This
being said, it may be desirable to employ a ground plane 802 having an arc length that

corresponds the valley for a particular medium inside the pipe.

[0070] FIG. 9A is a plot 900a that illustrates example results for resonance frequency
versus different arc lengths of a ground plane employed on a pipe filled with water in
accordance with one or more embodiments. A valley point (or range) for a water filled pipe
may occur where a slope of the curve is about zero. In the illustrated embodiment, the valley

point (or range) may be determined to occur at an arc length of about 35-40mm.

[0071] FIG. 9B is a plot 900b that illustrates example results for resonance frequency
versus different arc lengths of a ground plane employed on a pipe filled with oil in
accordance with one or more embodiments. Fringing fields may be less common for the case
of water because of its higher electric permittivity, but may be less common for the case of
oil because due to its lower electric permittivity. Although the plot 900b does not appear to
illustrate a well-defined valley point (or range) in case of oil, in the illustrated embodiment,
the valley point (or range) may be determined to occur at an arc length of about 2-10mm. In
some embodiments, the arc length of a ground plane employed on a WC sensor for sensing

WC of a mixture of fluids may be determined based on arc lengths determined for some or all
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of the fluids present in the mixture. For example, the arc length of the ground plane may be
determined as the average of the arc length determined for each of the fluids in the mixture.
Continuing with the above example, where a first arc length of about 37.5mm is determined
for the case of a pipe filled with water (e.g., an average of the arc length range of about 35-
40mm) and a second arc length of about 6mm is determined for the case of a pipe filled with
oil (e.g., an average of the arc length range of about 2-10mm), the arc length for the ground
plane for a WC sensor used to measure WC of a mixture of water and oil may be determined
to be about 22mm (e.g., ([(35+40)/2] + [(2+10)/2])/2). In such an embodiment, the ground
plane of a WC sensor for use in detecting water-cut of a mixture of oil and water in a pipe
having an outside diameter of about 50mm may have an arc-length (or width) of about 22mm

(e.g., about 14% of the pipe circumference).

[0072] In some embodiments, the ground plane may have a length that is greater than the
length of the resonator. Continuing with the above example with a pipe having an outer
diameter of 50mm and the open shunt stub having a length of about 250mm in, the ground
plane (GP) may have a length of about 300mm. The length of “bottom” ground plane should
be sufficient enough only to span the area of overlying T-resonator. A longer bottom ground
plane can affect the fringing field pattern, and hence the performance of the WC sensor. The

length of the bottom ground plane may be scaled, e.g., to account for different pipe sizes.

[0073] FIGs. 10A-E are diagrams that illustrate of various views of an example
embodiment of a water-cut (WC) sensing system 1000 in accordance with one or more
embodiments. More specifically, FIG. 10A is an isometric view of the WC sensing system
1000, FIG. 10B is an side view of the WC sensing system 1000, FIG. 10C is a cross-sectional
side view of the WC sensing system 1000 taken along the line C-C of FIG. 10A, FIG. 10D is
a cross-sectional end view of the WC sensing system 1000 taken along the line D-D of FIG.
10B, and FIG. 10E is a cross-sectional end view of the WC sensing system 100 taken along
the line E-E of FIG. 10B.

[0074] In some embodiments, the WC sensing system 1000 includes a water-cut (WC)
sensor 1102, a cylindrical pipe 1104, and/or a measurement processing system 1106. As
discussed herein, the water-cut (WC) sensor 1102 may be disposed on (or otherwise
integrated with) the cylindrical pipe 1104. In some embodiments, the WC sensor 1102 can
include a first/signal conductor (SC) 1110 (e.g., a first conductive plane), such as a T-

resonator, disposed at a first/upper/top surface 1112 of the cylindrical pipe 1104, and a
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ground conductor (GC) 1114 (e.g., a second conductive plane) disposed at a
second/lower/bottom surface 1116 of the cylindrical pipe 1104 that is opposite the
first/upper/top surface 1112 of the pipe 1104. In such a configuration, the WC sensing system
1100 may be employed to sense a water-cut of a fluid 1108 (e.g., a water and oil mixture, or
other substrate) flowing through or otherwise present in the section of the pipe 1104 at or

near the location where the WC sensor 102 is disposed on the pipe 1104.

[0075] In some embodiments, the signal conductor 1110 may include a T-resonator 1118.
For example, the signal conductor 1110 may include a T-resonator 1118 including a sheet of
generally “T” shaped conductive material (e.g., copper) disposed along the length of the
first/upper/top surface 1112 of the pipe 1104. The ground conductor 1114 may include a
“main” or “bottom” ground plane (GP) 1120 and a ground ring (GR) 1122. The ground plane
1120 may be a generally rectangular shaped conductive sheet of material (e.g., copper) that is
disposed along the length of the second/lower/bottom surface 1116 of the pipe 1104. The
ground plane 1120 may be arranged to extend longitudinally, along the length of the surface
of the pipe 1104 (e.g., parallel to the longitudinal axis 1134 of the pipe 1104). The ground
ring 1122 may include a band of conductive sheet of material (e.g., copper) that is disposed
(e.g., wrapped) around the circumference (e.g., the outer diameter) of the pipe 1104. The
ground ring 1122 may be arranged to extend laterally, about the circumference of the pipe

1104 (e.g., perpendicular to a longitudinal axis 1134 of the pipe 1104).

[0076] In some embodiments, a portion of the T-resonator 1118 of the signal conductor
1110 may at least partially overlap a portion of the ground ring 1122 of the ground conductor
1114. For example, the T-resonator 1118 may include a feed line (FL) 1130 and an open
shunt stub (SS) 1132. The feed line 1130 may include the “top” portion of the “T” shape of
the T-resonator 1118, and the open shunt stub 1132 may include the “bottom™ portion of the
“T” shape of the T-resonator 1118. The feed line 1130 may be arranged to extend laterally,
about the circumference of the pipe 1104 (e.g., perpendicular to a longitudinal axis 1134 of
the pipe 1104). The open shunt stub 1132 may be arranged to extend longitudinally, along the
length of the surface of the pipe 1104 (e.g., parallel to the longitudinal axis 1134 of the pipe
1104). The feed line 1130 may wrap about an upper portion of the circumference of the pipe
1104 by a first amount, and the open shunt stub 1132 may wrap about an upper portion of the
circumference of the pipe 104 by a second amount that is less than the first amount. The

ground ring 1120 may similarly be wrapped about the circumference of the pipe 1104,
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including around at least the upper portion of the pipe 1104 about which the feed line 1130 is
wrapped. Further, in some embodiments, the feed line 1130 of the T-resonator 1118 may
overlap at least a portion of the ground ring 1118, such that at least this portion of the ground
ring 1118 is disposed between feed line 1130 and the surface of the pipe 1104. That is, at
least this portion of the ground ring 1120 may be “sandwiched” between the feed line 1130
and the surface of the pipe 1104.

[0077] In some embodiments, a dielectric separator 1140 may be provided between at
least the overlapping portions of the signal conductor 1110 and the ground conductor 1114 to
physically and/or electrically isolate them from one another. For example, a dielectric
separator 1140 may include a strip of dielectric material (e.g., a Teflon strip) about the size of
(or larger than) the feed line 1130 that is disposed between the feed line 1130 and the
overlapped portion of the ground ring 1122 to maintain physical and/or electrical isolation of
the signal conductor 1110 (e.g., including the T-resonator 1118) and the ground conductor
1114. In some embodiments, the dielectric separator 1140 may be of a constant thickness
(e.g., about Imm) to maintain a constant distance between the overlapping portions of the

signal conductor 1110 (e.g., including the T-resonator 1118) and the ground conductor 1114.

[0078] In some embodiments, the signal conductor 1110 may include a first/input port
1150 for input of a source signal of a first frequency and phase, and a second/output port
1152 for output of a corresponding response signal of a second frequency and phase.
Continuing with the above example employing the T-resonator 1118, the first/input port 1150
may be located at or near a first end of the feed line 1130, and the second/output port 1152
may be located at or near a second end of the top portion of the feed line 1130 (opposite the
first end). Electrical leads of the measurement processing system 1106 may be coupled to the
ports 1150 and 1152 for introducing source signals and sensing response signals. For
example, an input lead for introducing a source signal may extend from an output circuit of
the measurement processing system 1106 to the first/input port 1150, and an output lead for
sensing the response signal may extend from an input circuit of the measurement processing
system 1106 to the second/output port 1152. As described herein, the measurement
processing system 1106 may provide and sense these respective signals and use the

characteristics of the signals to determine a WC of the fluid 1108 in the pipe 1104.

[0079] In some embodiments, during use, the fluid 1108 (e.g., a production fluid

including a mixture of oil and water) may flow through the center of the pipe 1104 such that
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the fluid 1108 passes between at least a portion of the signal conductor 1110 disposed on the
first/upper/top surface 1112 of the pipe 1104 and at least a portion of the ground conductor
1114 disposed on the second/lower/bottom surface 1116 of the pipe 1104. For example, if the
WC sensor 1102 is disposed on a length (or section) of the pipe 1104 used to transport
production fluid including a mixture of oil and water) from a well, the production fluid may
flow through the pipe 1104, between the signal conductor 1110 and the ground conductor
1114 which are generally disposed on opposite sides of the pipe 1104. In some embodiments,
while the fluid 1108 is flowing through the pipe 1104 (or otherwise present in the pipe 1104),
a source signal can be introduced into the signal conductor 1110, and a corresponding
response signal present at signal conductor 1110 can be sensed. For example, a source signal
of a first/predetermined frequency and phase can be introduced at the first/input port 1150,
and a corresponding response signal of a second/resulting frequency and phase can be sensed
at the second/output port 1152. As described herein, in some embodiments, the source signal
may be generated by the measurement processing system 1106. For example, the
measurement processing system 1106 may include a vector network analyzer (VNA), and the
source signal may be generated by a source circuit, such as a signal generator, of the vector
network analyzer (VNA). As describe herein, in some embodiments, the response signal may
be sensed/measured by the measurement processing system 1106. For example, a sensing
circuit, such as a receiver of the vector network analyzer (VNA), may receive the response
signal. In some embodiments, the signals may be processed by the measurement processing
system 1106 to determine various characteristics of the fluid 1108, such as the water-cut of
the fluid 1108. For example, the measurement processing system 1106 may include a
processor, such as a computer processor of the vector network analyzer (VNA) and/or other
computing devices, that analyzes the characteristics of the source signal and/or the
corresponding response signal to determine the resonance frequency of the WC sensor 1102
in the presence of the fluid 1108 (e.g., a resonance frequency of the T-resonator with the fluid
1108 currently flowing through or otherwise located in the pipe 1104, between the signal
conductor 1110 and the ground conductor 1114). Based on a predetermined correlation
between the water-cut of a fluid mixture flowing through the pipe 104 and the resonance
frequency of the WC sensor 1102, the water-cut of the fluid 1108 flowing through the pipe
104 can be determined. That is, the water-cut of the fluid 1108 passing through the pipe 1108
can be determined based on the resonance frequency of the WC sensor 102 at or near the time

when the fluid 1108 passes through the WC sensor 1102.
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[0080] FIG. 11A is a diagram that illustrates a planar view of the T-resonator 1118 in
accordance with one or more embodiments. This view may represent the planar shape of the
T-resonator if it were laid flat (or “unwrapped”), as opposed to being disposed on the curved
surface of the pipe 1104. FIG. 11B is a diagram that illustrates a planar view of the ground
conductor 1114 in accordance with one or more embodiments. This view may represent the
planar shape of the ground conductor 1114 if it were laid flat (or “unwrapped”), as opposed
to being disposed on the curved surface of the pipe 1104, and the ground ring were “broken”

as opposed to being contiguously wrapped about the pipe 1104.

[0081] In an example embodiment, the pipe 1104 may have an internal diameter of about
46mm and an outer diameter of about S0mm. Consistent with the dimensioning discussed
above, and referring to FIG. 11A, the feed line 1130 may have a length (or arc length) 1150
of about 45mm and a width 1152 of about 2.5mm, and the open shunt stub 1132 may have a
length 1160 of about 250mm and a width (or arc length) 1162 of about 25.4mm. With
reference to FIG. 11B, the ground plane 1120 may have a length 1170 of about 300mm and a
width (or arc length) 1172 of about 22mm, and the ground ring 1122 may have a length (or
arc length) 1174 of about 157mm (e.g., the circumference of the pipe 1104) and a width 1176
of about 6.3mm. The separator 1140 may have a length (or arc length) of about 45mm and a

width of about 6.3mm.

[0082] FIG. 12 is a flowchart that illustrates a method 1200 of determining water-cut of a
water-oil fluid mixture in a pipe using a microwave based water-cut sensor in accordance
with one or more embodiments. Method 1200 may generally include introducing a source
signal at a signal conductor of a water-cut sensor disposed on a pipe having a fluid mixture
therein (block 1202), sensing a response signal at the signal conductor (block 1204),
determining a resonance frequency of the WC sensor based at least in part on the response
signal (block 1206), and determining a water-cut for the fluid mixture based at least in part on
the determined resonance frequency (block 1208). In some embodiments, some or all of the
operations of the method 1200 may can be performed by the measurement processing system

106 (or 1106).

[0083] In some embodiments, introducing a source signal at a signal conductor of a
water-cut sensor disposed on a pipe having a fluid mixture therein (block 1202) can include
the measurement processing system 1106 driving a signal conductor 1106 of a water-cut

sensor 1102 disposed on a pipe 1104 having a fluid 1108 therein with one or more source
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signals of different phase and/or frequencies. The source signals may be for example in the

operational range of the WC sensor 1102 (e.g., about S0MHz — 130 Mhz).

[0084] In some embodiments, sensing a response signal at the signal conductor (block
1204), can include the measurement processing system 1106 sensing the phase and/or
frequency of one or more response signals at another portion of the signal conductor 1110

that are generated as a result of the introduction of the one or more source signals.

[0085] In some embodiments, as described below, in some embodiments, introducing the
source signal at a signal conductor of a water-cut sensor disposed on a pipe having a fluid
therein (block 1202) and/or sensing a response signal at the signal conductor (block 1204)
may be conducted in a frequency sweep. For example, referring to the WC sensor 1102 of
FIG. 10E, a vector network analyzer (VNA) of the measurement processing system 1106 may
conduct a frequency sweep, supplying source signals having frequencies from about 50MHz
— 130 Mhz to the input terminal 1150 of the feed line 1130 of the signal conductor 1110 of
the water-cut sensor 1102 disposed on a pipe 104 and having the fluid 1108 therein. During
the frequency sweep, the vector network analyzer (VNA) may measure the phase and
frequency of corresponding response signals present at the output terminal 1152. The vector
network analyzer (VNA) may assess these signals to determine a S21 response value for each
of the frequencies. That is, a S21 response across the frequency range can be determined.
FIG. 15 is a plot 1500 that illustrates example S21 responses of a water-cut sensor 1102
determined for fluids 1108 having a water-cut of about 100% to about 40% in accordance
with one or more embodiments. For example, the first curve 1502, second curve 1504, third
curve 1506, fourth curve 1508, fifth curve 1510, sixth curve 1512, and seventh curve 1514,
represent example S21 responses determined for the water-cut sensor 102 with fluids having
known water-cuts of 100%, 90%, 80%, 70%, 60%, 50% and 40%, respectively, present in the
pipe 1104. The reliability of this technique has been verified through simulation and actual
test results for fluids having known WC values. FIG. 16A is a plot 1600 that illustrates an
example comparison of simulated vs measured characteristic curves of a WC of a fluid
having homogeneously mixed oil and water in accordance with one or more embodiments.
The top curve 1602 represent the characteristic curve based on actual measurements, and the
bottom curve 1604 represents the characteristic curve based on simulated measurements.
FIG. 16B is a plot 1610 that illustrates an example comparison of simulated vs measured

characteristic curves of a WC of a fluid having separate oil and water phases in accordance
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with one or more embodiments. The top curve 1612 represent the characteristic curve based
on actual measurements, and the bottom curve 1614 represents the characteristic curve based

on simulated measurements.

[0086] In some embodiments, determining a resonance frequency of the signal conductor
based at least in part on the response signal (block 1206) can include the measurement
processing system 1106 determining a resonance frequency of the water-cut sensor with the
fluid 1108 present in the pipe (e.g., the fluid 1108 present in the pipe 1104 when the source
signal was introduced and/or the corresponding response signals were sensed). The resonance
frequency may be identified, for example, as a well-defined dip the an S21 response across
the relevant frequencies. Continuing with the above example, if a frequency sweep is
conducted while a fluid 1108 having a WC of about 50% is flowing through the pipe 1104,
the resulting S21 response curve may look similar to that of the sixth curve 1512, and the
resonance frequency can be determined to about 91MHz based on the well-defined dip in the

S21 response (e.g., the frequency at about the lowest point on the S21 response curve 1512).

[0087] In some embodiments, determining a water-cut for the fluid mixture based at least
in part on the determined resonance frequency (block 1208) can include the measurement
processing system 1106 determining a WC that corresponds to the determined resonance
frequency for the WC sensor 1102. For example, calibration test can be run with the a WC
sensor 1102 (or a test WC sensor) in the same or similar conditions (e.g., on the pipe 1104, or
a similar type/sized pipe) with fluids having different water-cuts to generate an equation,
curve, look-up table or the like that represents water-cuts vs. observed resonance frequency.
In response to determining the resonance frequency, the measurement processing system
1106 may employ this predefined relationship to determine the WC for the fluid 1108. For
example, the measurement processing system 1106 may access a look-up-table to determine
that fluid flowing through the pipe 1104 having an S21 response at about 91MHz, has a
water-cut of 50%. That is, if a frequency sweep indicates that the WC sensor 1102 has a dip
(low point) in the S21 response at about 91MHz, then it can be determined that the fluid 1108
in the pipe has a WC of about 50%.

[0088] In some embodiments, the above process can be performed continuously (e.g., in
series, one after the other), on a regular basis (e.g., every minute, hourly, and/or the like), or
the like so that the WC for a fluid 1108 flowing through the pipe 1104 can be continually or

regularly determined. For example, the measurement processing system 1106 may initiate
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and conduct the operations of method 1200 continuously (e.g., in series, one after the other),
on a regular basis (e.g., every minute, hourly, and/or the like), or the like, and the results may
be presented (e.g., displayed to a well/production operator), stored in a memory (e.g., a WC

log) for later review, and/or used for other related determinations.

[0089] In some embodiments, to manufacture a WC sensor for use in making WC
measurements for fluid flowing through a pipe, some or all of the elements of a WC sensor
can be formed directly onto the surface of the pipe. For example, one or more masks can be
disposed about the surface of the pipe 1104 that provides one or more openings for the
ground plane, the ground ring, the open shunt stub, and/or the feed line. A conductive paste
can be disposed (e.g., sprayed, painted, and/or the like) into the opening(s) of the mask to
form the ground plane, the ground ring, the open shunt stub, and/or the feed line. Once the
conductive paste has cured, the corresponding mask portion can be removed, leaving a
conductive pattern that includes the signal conductor and the ground conductor, formed from

the cured conductive paste, disposed on the surface of the pipe.

[0090] FIGs. 13A-13C are diagrams illustrating various masks that can be employed in
the manufacture a WC sensor 1102 in accordance with one or more embodiments. FIG. 13A
illustrates an example first mask 1300 in accordance with one or more embodiments. The
first mask 1300 may include material covering some or all of the portions of the pipe 1104,
other than in areas where openings in the first mask 1300 expose the surface of the pipe 1104
on which the ground plane 1120 and the open shut stub 1112 (or at least a portion thereof) is
to be disposed. That is, the first mask 1300 may provide a first opening 1302 for the ground
plane 1120 and a second opening 1304 for at least a distal portion of the open shut stub 1132
(e.g., the portion distal from the ground ring 1122). FIG. 13B illustrates an example second
mask 1310 in accordance with one or more embodiments. The second mask 1310 may
include material covering some or all of the portions of the pipe 1104, other than in areas
where opening(s) in the second mask 1310 expose the surface of the pipe 1104 and/or the
ground plane 1120 on which the ground ring 1122 is to be disposed or at least attached. That
is, the second mask 1310 may provide a third opening 1312 for the ground ring 1122. In
some embodiments, the first mask 1300 may include the openings 1304, 1302 and 1312 such
that the ground plane 1120, the open shunt stub 1132 and the ground ring 1122 can be formed
at the same time (or at least using the single mask 1300). FIG. 13C illustrates an example

third mask 1320 in accordance with one or more embodiments. The third mask 1320 may
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include material covering some or all of the portions of the pipe 104, other than in areas
where opening(s) in the third mask 1320 expose the surface of the pipe 104, the ground ring
1122 and/or the dielectric separator 1140 on which on which the feed line 1130 and/or the
proximal portion of the open shunt stub 1132 is to be disposed. That is, the third mask 1320
may provide a fourth opening 1322 for the feed line 1130 and/or the proximal portion of the
open shunt stub 1132.

[0091] FIG. 14 is a flowchart that illustrates a method 1400 of manufacturing a
microwave based water-cut sensor for a pipe in accordance with one or more embodiments.
Method 1400 may generally include disposing the ground plane on the surface of the pipe
(block 1402), disposing the open shunt stub on the surface of the pipe (block 1404), disposing
the ground ring on the surface of the pipe (block 1406), disposing the dielectric separator on

ground ring (block 1408), and disposing the feed line on the surface of the pipe (block 1410).

[0092] In some embodiments, disposing the ground plane on the surface of the pipe
(block 1402) and disposing the open shunt stub on the surface of the pipe (block 1404) can
include disposing the first mask 1300 on the surface of the pipe 1104, and disposing (e.g.,
spraying, painting, and/or the like) a conductive material (e.g., a copper based paste) into the
first opening 1302 (e.g., to form the ground plane 1120) and the second opening 1304 (e.g., to
form at least a distal portion of the open shut stub 1132) (e.g., the open shut stub 1132 distal
from the ground ring 1122). The first mask 1300 may be removed, for example, once the

conductive paste has cured.

[0093] In some embodiments, disposing the ground ring on the surface of the pipe (block
1406) can include disposing the second mask 1310 on the surface of the pipe 104, and
disposing (e.g., spraying, painting, and/or the like) a conductive material (e.g., a copper based
paste) into the third opening 1312 (e.g., to form the ground ring 1122). The conductive
material may be disposed on the exposed surface of the pipe 1104 and/or over the ground
plane 1120. The second mask 1310 may be removed, for example, once the conductive paste
has cured. In some embodiments, the first mask 1300 may include the openings 1304, 1302
and 1312 such that the ground plane 1120, the open shunt stub 1132 and the ground ring 1122

can be formed at the same time (or at least using the single mask).

[0094] In some embodiments, disposing the dielectric separator on ground ring (block
1408) can include obtaining dielectric separator 1140 (e.g., a strip of dielectric material, such

as a piece of Teflon tape) that is about the size of the feed line 1130 to be formed, and placing
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the dielectric separator 1140 on the exterior surface of the ground ring 1122 that is to be

overlapped by the feed line 1130.

[0095] In some embodiments, disposing the feed line on the surface of the pipe (block
1410) can include disposing the third mask 1320 on the surface of the pipe 104 (and over the
dielectric separator 1140), and disposing (e.g., spraying, painting, and/or the like) a
conductive material (e.g., a copper based paste) into the fourth opening 1322 (e.g., to form
the feed line 1130 and/or the proximal portion of the open shunt stub 1132). The third mask
1320 may be removed, for example, once the conductive paste has cured. In some
embodiments, an input and/or and output port may be provided. For example, a terminal (e.g.,
an SubMiniature version A (SMA) connector) for the input port 1150 may be provided at a
first end of the feed line 1130 and a terminal (e.g., an SMA connector) for the output port
1152 may be provided at a second end of the feed line 1130 (e.g., opposite the first end of the
feed line 1130).

[0096] In some embodiments, the measurement processing system 106 (or 1106) can
include a computer system (e.g., computer system 2000, described below) for performing
some or all of the operations described with regard to the measurement processing system
106 (or 1106). For example, measurement processing system 106 (or 1106) may include a
computer for automatically controlling an external device (e.g., vector network analyzer
(VNA) of the measurement processing system 106 (or 1106)) to conduct one or more
frequency sweeps across the WC sensor 102 (or 1102) on the pipe 104 (or 1104), and to
process the corresponding signals to determine a WC measurements for the fluid 108 (or

1108) flowing through the pipe 104 (or 1104).

[0097] FIG. 17 is a diagram that illustrates an example computer system 2000 in
accordance with one or more embodiments. In some embodiments, the computer system 2000
may include a memory 2004, a processor 2006, and an input/output (I/O) interface 2008. The
memory 2004 may include non-volatile memory (e.g., flash memory, read-only
memory (ROM), programmable read-only memory (PROM), erasable programmable read-
only memory (EPROM), electrically erasable programmable read-only memory (EEPROM)),
volatile memory (e.g., random access memory (RAM), static random access memory
(SRAM), synchronous dynamic RAM (SDRAM)), bulk storage memory (e.g., CD-ROM
and/or DVD-ROM, hard drives), and/or the like. The memory 2004 may include a non-

transitory computer-readable storage medium having program instructions 2010 stored
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therein. The program instructions 2010 may include program modules 2012 that are
executable by a computer processor (e.g., the processor 2006) to cause the functional
operations described herein, including those described with regard to the processes described
herein, including the methods 1200 and 1400. In the context of a computer system of a
measurement processing system 106 (or 1106), the program modules 2012 may include one
or more user modules for performing some or all of the operations described with regard to

the measurement processing system 106 (or 1106).

[0098] The processor 2006 may be any suitable processor capable of
executing/performing program instructions. The processor 2006 may include a central
processing unit (CPU) that carries out program instructions (e.g., the program instructions of
the program module(s) 2012) to perform the arithmetical, logical, and input/output operations
described herein. The processor 2006 may include one or more processors. The I/O interface
2008 may provide an interface for communication with one or more I/O devices 2014, such
as a joystick, a computer mouse, a keyboard, a display screen (e.g., an electronic display for
displaying a graphical user interface (GUI)), and/or the like. The I/O devices 2014 may
include one or more of the user input devices. The I/O devices 2014 may be connected to the
I/O interface 2008 via a wired or a wireless connection. The 1/0 interface 2008 may provide
an interface for communication with one or more external devices 2016, such as other
computers, networks, and/or the like. In some embodiments, the I/O interface 2008 may
include an antenna, a transceiver, and/or the like. In some embodiments, the computer system
200 and/or the external devices 2016 may include a vector network analyzer (VNA). Further
modifications and alternative embodiments of various aspects of the disclosure will be
apparent to those skilled in the art in view of this description. Accordingly, this description is
to be construed as illustrative only and is for the purpose of teaching those skilled in the art
the general manner of carrying out the embodiments. It is to be understood that the forms of
the embodiments shown and described herein are to be taken as examples of embodiments.
Elements and materials may be substituted for those illustrated and described herein, parts
and processes may be reversed or omitted, and certain features of the embodiments may be
utilized independently, all as would be apparent to one skilled in the art after having the
benefit of this description of the embodiments. Changes may be made in the elements
described herein without departing from the spirit and scope of the embodiments as described
in the following claims. Headings used herein are for organizational purposes only and are

not meant to be used to limit the scope of the description.
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[0099] It will be appreciated that the processes and methods described herein are example
embodiments of processes and methods that may be employed in accordance with the
techniques described herein. The processes and methods may be modified to facilitate
variations of their implementation and use. The order of the processes and methods and the
operations provided therein may be changed, and various elements may be added, reordered,
combined, omitted, modified, etc. Portions of the processes and methods may be
implemented in software, hardware, or a combination thereof. Some or all of the portions of
the processes and methods may be implemented by one or more of the

processors/modules/applications described herein.

[00100]  As used throughout this application, the word “may” is used in a permissive sense
(i.e., meaning having the potential to), rather than the mandatory sense (i.e., meaning must).

9 el

The words “include,” “including,” and “includes” mean including, but not limited to. As used
throughout this application, the singular forms “a”, “an,” and “the” include plural referents
unless the content clearly indicates otherwise. Thus, for example, reference to “an element”
may include a combination of two or more elements. As used throughout this application, the
phrase “based on” does not limit the associated operation to being solely based on a particular
item. Thus, for example, processing “based on” data A may include processing based at least
in part on data A and based at least in part on data B unless the content clearly indicates
otherwise. As used throughout this application, the term “from” does not limit the associated
operation to being directly from. Thus, for example, receiving an item “from” an entity may
include receiving an item directly from the entity or indirectly from the entity (e.g., via an

intermediary entity). Unless specifically stated otherwise, as apparent from the discussion, it

is appreciated that throughout this specification discussions utilizing terms such as

LT LT

“processing,” “computing,” ‘“calculating,” “determining,” or the like refer to actions or
processes of a specific apparatus, such as a special purpose computer or a similar special
purpose electronic processing/computing device. In the context of this specification, a special
purpose computer or a similar special purpose electronic processing/computing device is
capable of manipulating or transforming signals, typically represented as physical, electronic
or magnetic quantities within memories, registers, or other information storage devices,
transmission devices, or display devices of the special purpose computer or similar special

purpose electronic processing/computing device.
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CLAIMS
What is claimed is:
1. A water-cut sensor system comprising:

a cylindrical pipe for routing the flow of a production fluid comprising a mixture of

oil and water;
a microwave resonator water-cut sensor comprising:

a T-resonator disposed on a first side of a cylindrical pipe, the T resonator

comprising:

a feed line comprising a conductive material disposed about a first
portion of an external surface of the cylindrical pipe extending

in a circumferential direction about the cylindrical pipe;

an open shunt stub comprising a conductive material disposed on a
second portion of the external surface of the cylindrical pipe
extending in a longitudinal direction along the cylindrical pipe,

the open shunt stub being conductively coupled to the feed line;
an input terminal located at a first end of the feed line; and
an output terminal located at a second end of the feed line;

a ground conductor disposed on a second side of the cylindrical pipe that is

opposite the first side, the ground conductor comprising:

a ground plane comprising a conductive material disposed on a third
portion of the external surface of the cylindrical pipe extending
in the longitudinal direction along the cylindrical pipe, wherein
the third portion of the external surface of the pipe is opposite
the second portion of the external surface of the pipe such that
the open shunt stub is disposed on the first side of the
cylindrical pipe and the ground plane is disposed on the second

side of the cylindrical pipe that is opposite the first side; and

a ground ring comprising a conductive material disposed on a fourth
portion of the external surface of the cylindrical pipe extending

in a longitudinal direction, the ground ring being conductively
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coupled to the ground plane, and the first portion overlapping
the fourth portion such that the feed line overlaps the ground

ring; and
a separator comprising a dielectric material disposed between the feed line and
the portion of the ground ring overlapped by the feed line, the
separator being configured to electrically isolate the T-resonator from

the ground conductor; and
a measurement system configured to:

introduce, to the feed line of the T-resonator via the input terminal, source

signals of different frequencies;

sense, from the feed line of the T-resonator via the output terminal, response

signals corresponding to the source signals;

determine a resonance frequency of the microwave resonator water-cut sensor
based at least in part on the source signals and the response signals;

and

determine a percentage of oil or water in the fluid based at least in part on the

resonance frequency of the microwave resonator water-cut sensor.

2. The system of claim 1, wherein the open shunt stub has a length that is the same or

greater than a diameter of the cylindrical pipe.

3. The system of claim 1, wherein the open shunt stub has a length that is between three

and five times the diameter of the cylindrical pipe.

4. The system of any preceding claim, wherein the feed line has a length that is the same

or greater than a width of the shunt stub.

5. The system of any preceding claim, wherein the ground ring has a width that is the

same or greater than a width of the feed line.

6. The system of any preceding claim, wherein the separator has a width that is the same
or greater than a width of the feed line, and a length that is the same or greater than a length

of the feed line.
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7. The system of any preceding claim, wherein the ground plane has a width determined
based on an average of a first width associated with a minimum resonance frequency for oil

and a second width associated with a minimum resonance frequency for water.

8. The system of any preceding claim, wherein determining a resonance frequency of the
microwave resonator water-cut sensor based at least in part on the source signals and the
response signals comprises determining a frequency corresponding to a low point of a S21

response determined based on the source signals and the response signals.

9. The system of any preceding claim, wherein introducing source signals of one or
more frequencies comprises conducting a frequency sweep across an operating range for the

microwave resonator water-cut sensor.
10. A water-cut sensor system comprising:
a T-resonator comprising:

a feed line comprising a conductive material disposed about a first portion of
an external surface of a pipe extending in a circumferential direction

about the pipe; and

an open shunt stub comprising a conductive material disposed on a second
portion of the external surface of the pipe extending in a longitudinal
direction along the pipe, the open shunt stub being conductively

coupled to the feed line;
a ground conductor comprising:

a ground plane comprising a conductive material disposed on a third portion of
the external surface of the cylindrical pipe extending in the
longitudinal direction along the cylindrical pipe, wherein the third
portion of the external surface of the pipe is opposite the second

portion of the external surface of the pipe; and

a ground ring comprising a conductive material disposed on a fourth portion of
the external surface of the cylindrical pipe extending in a longitudinal
direction, the ground ring being conductively coupled to the ground
plane, and the first portion overlapping the fourth portion such that the

feed line overlaps the ground ring; and

38



WO 2017/040102 PCT/US2016/048128

a separator comprising a dielectric material disposed between the feed line and the
portion of the ground ring overlapped by the feed line, the separator being

configured to electrically isolate the T-resonator from the ground conductor.

11. The system of claim 10, wherein the open shunt stub has a length that is the same or

greater than a diameter of the pipe.

12. The system of claim 10, wherein the open shunt stub has a length that is between

three and five times the diameter of the pipe.

13. The system of any of claims 10-12, wherein the feed line has a length that is the same

or greater than a width of the shunt stub.

14. The system of any of claims 10-13, wherein the ground ring has a width that is the

same or greater than a width of the feed line.

15. The system of any of claims 10-14, wherein the separator has a width that is the same
or greater than a width of the feed line, and a length that is the same or greater than a length

of the feed line.

16. The system of any of claims 10-15, wherein the ground plane has a width determined
based on an average of a first width associated with a minimum resonance frequency for oil

and a second width associated with a minimum resonance frequency for water.

17. The system of any of claims 10-16, wherein the pipe is a cylindrical pipe, and wherein
the T-resonator is disposed on a first side of the pipe, and the ground conductor is disposed

on a second side of the pipe that is opposite the first side of the pipe.
18. The system of any of claims 10-17, wherein the T-resonator comprises:

an input terminal located at a first end of the feed line, wherein the input terminal is

configured to receive source signals from an external circuit; and

an output terminal located at a second end of the feed line, wherein the output
terminal is configured to provide for sensing, by an external circuit, of response signals

corresponding to the source signals, and

wherein a resonance frequency of the microwave resonator water-cut sensor is

determined based at least in part on the source signals and the response signals, and

a water-cut of fluid in the cylindrical pipe is determined based at least in part on the

resonance frequency of the microwave resonator water-cut sensor.
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19. The system of any of claims 10-18, further comprising a measurement system

configured to:
introduce, to the feed line of the T-resonator, source signals of different frequencies;

sense, from the feed line of the T-resonator, response signals corresponding to the

source signals;

determine a resonance frequency based at least in part on the source signals and the

response signals; and

determine a water-cut of a fluid in the pipe based at least in part on the resonance

frequency of the microwave resonator water-cut sensor.

20. The system of claim 19, wherein determining a resonance frequency based at least in
part on the source signals and the response signals comprises determining a frequency
corresponding to a low point of an S21 response determined based on the source signals and

the response signals.

21. The system of claim 19 or claim 20, wherein introducing source signals of one or
more frequencies comprises conducting a frequency sweep across an operating range for the

water-cut sensor.

22. A method for sensing water-cut of a fluid in a cylindrical pipe, the method

comprising:

introducing, to a T-resonator of a water-cut sensor disposed on the cylindrical pipe,

source signals of different frequencies;

sensing, from the T-resonator of the water-cut sensor, response signals corresponding

to the source signals;

determining a resonance frequency of the water-cut sensor based at least in part on the

source signals and the response signals; and

determining a percentage of oil or water in the fluid based at least in part on the

resonance frequency of the water-cut sensor.
23. The method of claim 22, wherein the water-cut sensor comprises:

a T-resonator comprising:
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a feed line comprising a conductive material disposed about a first portion of
an external surface of a pipe extending in a circumferential direction

about the pipe; and

an open shunt stub comprising a conductive material disposed on a second
portion of the external surface of the pipe extending in a longitudinal
direction along the pipe, the open shunt stub being conductively

coupled to the feed line;
a ground conductor comprising:

a ground plane comprising a conductive material disposed on a third portion of
the external surface of the cylindrical pipe extending in the
longitudinal direction along the cylindrical pipe, wherein the third
portion of the external surface of the pipe is opposite the second

portion of the external surface of the pipe; and

a ground ring comprising a conductive material disposed on a fourth portion of
the external surface of the cylindrical pipe extending in a longitudinal
direction, the ground ring being conductively coupled to the ground
plane, and the first portion overlapping the fourth portion such that the

feed line overlaps the ground ring; and

a separator comprising a dielectric material disposed between the feed line and the
portion of the ground ring overlapped by the feed line, the separator being

configured to electrically isolate the T-resonator from the ground conductor.
24. A method for manufacturing a water-cut sensor, the method comprising:

disposing a first mask on an external surface of the pipe, the first mask comprising a
first opening at a first portion of the external surface of the pipe for forming an

open shunt stub of a T-resonator;

disposing a conductive material into the first opening to form the open shunt stub of

the T-resonator on the first portion of the external surface of the pipe;

disposing a second mask on the external surface of the pipe, the second mask

comprising a second opening at a second portion of the external surface of the
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pipe for forming a ground plane of a ground conductor, the second portion of

the external surface being opposite the first portion of the external surface;

disposing a conductive material into the second opening to form the ground plane of

the ground conductor on the second portion of the external surface of the pipe;

disposing a third mask on an external surface of the pipe, the third mask comprising a
third opening at a third portion of the external surface of the pipe for forming a
ground ring of the ground conductor, the third portion extending at least from

the ground plane about a circumference of the pipe;

disposing a conductive material into the third opening to form the ground ring of the
ground conductor on the third portion of the external surface of the pipe, the

ground ring being conductively coupled to the ground plane;

disposing a dielectric separator on at least a portion of the ground ring to be

overlapped by a feed line of the T-resonator;

disposing a fourth mask on an external surface of the pipe, the fourth mask
comprising a fourth opening at an external surface of the dielectric separator

for forming the feed line of the T-resonator; and

disposing a conductive material into the fourth opening to form the feed line of the T-
resonator on the external surface of the dielectric separator, the feed line being

conductively coupled to the open shunt stub.
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AMENDED CLAIMS
received by the International Bureau on 07 February 2017 (07.02.2017)

What is claimed is:
1. A water-cut sensor systom comprising:

a cylindrical pipe for routing the flow of a production [luid cotnprising a mixtwy of

oil and waler;
& microwave resonalor walcr-cut scnsor comprising:

a 'I-resonator disposed on a first side of a cylindrical pipe, the ‘1 resonator

comptising:

g feed line comprising a conductive material disposed about u first
portion of an external surface of the cylindrical pipe extending

in a circumforential dircetion about the cylindrical pipe;

an open shunt stub comprising a conductive material disposed on a
second portion of the external surface of the cylindrical pipe
extending in a longitudinal direction along the eylindrical pipe,
the open shunt stub being conductively coupled to the feed

line;
an input terminal located al a [irst end of the feed line; and
an outpul terminal focated at a sccond ¢nd of the feed line;

a pround conductor disposed on a second side of the cylindrical pipe that is

opposite the fivst side, the ground conductor comprising:

a ground plane comprising a conductive material disposed on a third
portion of the external surface of the cylindrical pipe extending
in the Jongitudinal dircetion along the eylindrical pipe, wherein
(he third portion of the cxternal surface of the pipe is opposite
the second portion of the external surface of the pipe such that
the open shunt stub is disposed on the first side of the
cylindrical pipe and the pround plane is disposed on (he sceond

side of the cylindrical pipe that is opposite the first side; and
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a ground ring comprising a conductive material disposed on a fourth
portion of the external surface of the cylindrical pipe exlending
in a circumlerential direetion about the pipe, the grouhd ring
being conductively coupled to the ground plane, and the first
portion overlapping the fourth portion such that the feed line

overlaps the ground ring; and

a separator comprising a dieleclric malerial disposed between the foed ling
and the portion of the pround ring overlapped by the feed line, the
scparator being configured to electrically isolate the T-resonator from

the ground conductor; and
a measurement system configured to;

introduce, o the foeed line of the T-resonator via the inpul ferminal, souwrce

signals of different frequencies;

sense, [rom the leed line of the T-resonator via the output terminal, response

signals corrcsponding to the source signals;

delermine a resonance [requency of the microwave resonator waler-cul sensor
based at least in part on the sowrce signals and the responsc signals;
and

determine a percentage of oil or water in the Muid based at luast in part on the

resonanee frequency of the microwave resonator water-cut sensor,

2. ‘The system of claim 1, whetein the open shunt stub has a length that iy the samge or

greater than a diumeter of the eylindrical pipe.

3. The system of claim 1, wherein the open shunl stub has a length that is between three

and five times the diameter of the eylindrical pipe.

4. The system ol any preceding claim, wherein the feed line has a length that is the same

or greater than a width of the shunt stub,
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5. The system of any preceding claim, wherein the ground ting has a width that is the

same o1 grealer than a width of the feed line.

6. The system of any preceding claitn, wherein the separator has a width that is the same
or greater than a width of the feed line, and a length thal is the sume or greater than a length

of the leed line,

7. The system of any preceding claim, wherein the ground plane has a width determined
based on un average of a firsl widih associated with a minimum resonance frequency for oil

and a1 second width associated with a minimum resonance [requency for waler,

8. The system of any preceding claim, wherein determining a resonance frequency of
the microwave resonator water-cut sensor based at least in purt on the source sipnals and the
response signals comprises determining a frequency corresponding to a low point of a 821
response determined hased on the source signals and the response signals.

9. The system of any preceding claim, wherein introducing source signals of one or

more frequencies comprises condueting a frequency sweep across an operating range lor {he

microwave resonator water-cut sensor,
10. A watcr-cut scnsor system comprising:
1 T-resonafor comprising:

a teed line comprising a conductive material disposed aboul a [irst portion ol
an external surfuce of a pipe exlending in a circumferential direction

about the pipe; and

an open shunt stub comprising 4 conductive material disposed on a second
portion of the external surface of the pipe extending in a longitudinal
direction along the pipe, the open shunt stub being conductively

coupled to the feed line;
a ground conductor comprising;

a pround planc comprising 4 conduetive material disposed on a third portion

of the external surface of the cylindrical pipe extending in the
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longitudinal direction along the cylindrical pipe, wherein the third
portion of the external surface of the pipe is opposite the . sccond

portion of the external surlice ol the pipe; and

a pround ring comprising a conductive material disposed on u lowrlh portion
of the external surfuce of (he cylindrical pipe extending in a
circumnlerential direction about the pipe, the ground ring being
conductively coupled to the ground plane, and the first porlion
overlapping the fourth portion such that the feed line ovetlaps the

ground ring; and

a seputulor comprising a dislecttic material disposed between the feed line and the
portion of the ground ring overlapped by the feed line, the separator being

configured to electrically isolate the T-resonator from the ground conductor,

11, The system of claim 10, whercin the open shunt stub has a lenglh (hat is the same or

greater than a diameter of the pipe,

12, The system of claim 10, wherein the open shunt stub has a length that is beiween

(hres and live times the diameler of the pipe.

13, The system of any of claims 10-12, wherein the feed line hus a length that is the same

or greater than o width of the shunt stub,

14, The systcm of any of claims 10-13, wherein the ground ring has a width that is (he

same or greater than a width of the feed line.

15, The system of any of claims 10-14, wherein the separator has a widlh thal is the same
or greater than a width of the feed line, and a length that is the same or greater than a length
of the feed line.,

16.  The system of any of claims'10-15, whercin the ground plane has a width determined
hased on an average of a first width associated wilh a mimmum resonance frequency for oil

and a second width associated with & minimum resonance frequency for walcr.
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17, The system of any of ¢laims 10-16, wherein the pipe is a cylindrical pipe, and
wherein the I-resonator is disposed on a fivst side of the pipe, and the ground conductor is

disposed on a second side of the pipe that is opposile the first side of the pipe.
18, The system ol any of claims 10-17, wherein the 'I-resonator comprises;

an input terminal located at a first end of the [ced line, wherein the input terminal is
configured to receive source signals from an external eireuit; and

an oulpul terminal located al a second end of the feed line, wherein the output
terminal is configured to provide for sensing, by an external circuit, ol response signals
corresponding to the source signals, and
wherein a resonance Frequency of the microwave resonator water-cul scnsor is
determined bascd at least in part on the source signals and the response sipnals, and
a waler-cut of [luid in the cylindrical pipe is determined based al least in parl on the
resonance frequency of the microwave resonator waler-cul sensor.
19, The system ol any of claims 10-18, further comprising a measurement syslem
configured to:
infroduce, Lo the [eed line ol the T-resonator, source signals of different frequencics;
sense, from the feed line of the T-resonator, response signals corresponding to the
source signals;
determine a resonance frequency based at least in par( on the source signals and the
response signals; and
determine a water-cut of a fluid in the pipe based at lcast in part on the resonance
frequency of the microwave resonator water-cut sensor.

20, The system of claim 19, whetein delermining a resonance frequency based at least in
part on the source signals and the response signals comprises determining a frequency
corresponding 1o a low point of an 821 responsc determined based on the source signals and

the response signals.
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21, The system of claim 19 or claim 20, wherein introducing source signals of one or
more frequencies comprises conducting a frequency sweep across an operaling range [or the

water-cut sensor,
22. A method for sensing water-cut of a fluid in a cylindrical pipe, the method
comprising;
introducing, to a ‘I-resonator of a water-cut sensor disposed on the cylindrical pipe,
source signalg of different frequencies;
sensing, from the T-resonator of the watcr-cut scnsor, response signals corresponding
to the source signals;
dotermining a resonance frequency of the water-cut sensor based at leasl in part on
the source signals and the response signals; and

determining a percentapge of oil or water in the fluid based al leas( in par{ on the
resonance frequency of the waler-cul sensor.
23, The method of claim 22, wherein the water-cut sensor comprises:
a 'I-resonator comprising:

a feed line comprising a conductive material disposed about a fivst portion of
an external surface of 4 pipe oxtending in a cireumferential direction
about the pipe; and

an open shunt stub comprising a conductive mulerial disposed on a second
portion of the external surface of the pipe extending in a longitudinal
divection along the pipe, the open shunl stub being conductively
coupled to the feed line;

a ground conduclor comprising;
a ground plane comprising a conduclive material disposed on a third portion

of the cxternal surface of the cylindrical pipe extending in the

longitudinal dircetion along the cylindrical pipe, wherein the (hird
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portion of the extcrnal surface of the pipe is opposile the second

portion of the external surface of the pipe; and

a ground ring comprising a (:unductiw,“malcrial disposed on a fourth portion
of the external swiface of the cylindrical pipe extending in a
citcumletential direction about the pipe, the ground ring being
conductively coupled to the ground plane, and the firsl porton
overlapping the [ourth portion such that the feed line overlaps the

ground ring; and -

a soparalor comprising a dieleetric matotial disposed between the feed line and the
portion of the ground ting overlapped by the feed line, the separator being

configured (o electrically isulale the T-resonator from the ground conductor,
24, A methed for manufacturing a water-cut sensor, the method comprising:

disposing a firsl mask on an external surface of the pipe, the lirst mask comprising a
first opening at a first portion of the external surface of the pipe for forming

an open shunt stub of a T-resonator;

disposing a conductive matcrial into the first opening to form the open shunt stub of

the T-resonator on the fivst portion of the external surtace of the pipe,

disposing a sccond mask on the external surface of the pipe, the sccond mask
comprising a second opening al a sceond portion of the external surface of the
pipe for forming a ground plane of a ground conductor, the sceond portion of

the external surface heing opposite (he [irst portion of the external surtace,

disposing a conductive material into the sscond opening to form the ground plane of

the ground conductor on the second portion of the external surface of the pipe;

disposing a third mask on an external surface of the pipe, the third mask comprising a
third vpening at a third portion of the external surface of the pipe for forming
a ground ring of the ground conduclor, the third portion cxtending at Jeast

from the ground plane about a circumference of the pipe;
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disposing a conduelive material into the third opening to form the ground ring of the
pround conductor on the third portion of the external surface of the pipe, the

ground ring being conductively coupled to the ground plane;

disposing a dicleetric scparalor on al leagt a portion of the ground ring to be

overlapped by a feed line of the 'I-resonator;

disposing a fourth magk on an external surface of the pipe, the fourth mask
compriging a fourth opening at an external surface of the dielectric separator
for [orming the fued line of the T-resonator; and

disposing a conductive material into the fourth opening to form the feed line of the T-
resonator on the external surlice ol the dielectric scparator, the feed-line being

conductively coupled to the open shunt stub,
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