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ABSTRACT
Efficient oil production and refining processes require the precise measurement of water
content in oil (i.e., water-cut) which is extracted out of a production well as a byproduct.
Traditional water-cut (WC) laboratory measurements are precise, but are incapable of
providing real-time information, while recently reported in-line WC sensors (both in
research and industry) are usually incapable of sensing the full WC range (0 – 100 %), are
bulky, expensive and non-scalable for the variety of pipe sizes used in the oil industry.
This work presents a novel implementation of a planar microwave T-resonator for fully
non-intrusive in situ WC sensing over the full range of operation, i.e., 0 – 100 %. As
opposed to non-planar resonators, the choice of a planar resonator has enabled its direct
implementation on the pipe surface using low cost fabrication methods. WC sensors make
use of series resonance introduced by a λ/4 open shunt stub placed in the middle of a
microstrip line. The detection mechanism is based on the measurement of the T-resonator’s
resonance frequency, which varies with the relative percentage of oil and water (due to the
difference in their dielectric properties). In order to implement the planar T-resonator based
sensor on the curved surface of the pipe, a novel approach of utilizing two ground planes
is proposed in this work. The innovative use of dual ground planes makes this sensor
scalable to a wide range of pipe sizes present in the oil industry. The design and
optimization of this sensor was performed in an electromagnetic Finite Element Method
(FEM) solver, i.e., High Frequency Structural Simulator (HFSS) and the dielectric
properties of oil, water and their emulsions of different WCs used in the simulation model
were measured using a SPEAG-dielectric assessment kit (DAK-12). The simulation results
were validated through characterization of fabricated prototypes. Initial rapid prototyping
was completed using copper tape, after which a novel reusable 3D-printed mask based
fabrication was also successfully implemented, which would resemble screen printing if it
were to be implemented in 3D.
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In order to verify the design’s applicability for the actual scenario of oil wells,
where an oil/water mixture is flowing through the pipes, a basic flow loop was constructed
in the IMPACT laboratory at KAUST. The dynamic measurements in the flow loop
showed that the WC sensor design is also equally applicable for flowing mixtures. The
proposed design is capable of sensing the WC with a fine resolution due to its wide sensing
range, in the 80 – 190 MHz frequency band. The experimental results for these low cost
and conformal WC sensors are promising, and further characterization and optimization of
these sensors according to oil field conditions will enable their widespread use in the oil
industry.
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1. INTRODUCTION
Crude oil is the vital source of energy for a wide range of industries, including
power generation, food and transportation, to name but a few. With the growing need of
crude oil in industries, the need for reliable and accurate sensing has increased.
Instrumentation in petrochemical industries consists of multiphase flow meters, pressure
transmitters, level sensors, temperature sensors, pressure sensors and analysis instruments.
Amongst these, multiphase flow meters play a significant role in field development,
reservoir management, operational control, flow assurance, production allocation and
preventive maintenance.
A multiphase flow meter (MPFM) is a flow meter which can measure the flow rates
of individual phases (oil, water and gas) produced during oil production. Unfortunately,
there is no single working principle which can measure the flow rate of an individual phase
in a multiphase stream. In usual practice, data from multiple sensors are integrated to
calculate the flow rate of individual phases. A typical MPFM makes the following
measurements separately, in order to calculate the flow rate of individual phases:
1. Flow rate measurement of multiphase stream;
2. Gas phase fraction measurement; and
3. Water-cut (relative phase fraction of oil and water) measurement.
Since flow rate measurement techniques are relatively mature and accurate, the
accuracy of the MPFM is mainly dependent upon accurate phase fraction measurement of
the oil, water and gas phases. There are multiple MPFMs available in industry, which are
currently facing a number of challenges in providing the accurate measurement of
individual flow rates. A large tolerance in water-cut (WC) measurements is one of the
major reasons for the inability to provide an accurate flow rate of individual phases. The
challenges being faced by the oil industry in determining an accurate WC have been
highlighted in the next section. This work targeted the identification of solutions to these
challenges using an innovative implementation of a microwave resonator to reliably
measure the WC.
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1.1.

Deficiencies in existing WC sensing techniques
Water particles are dispersed in the continuous oil phase at a WC of less than 50 %.

The opposite is true at high WCs (above 60 %), where water becomes the continuous phase.
The phenomenon occurring in a WC range of 50 – 60 %, where the continuous phase
changes from oil to water or vice versa, is known as phase inversion. The majority of the
existing WC sensors are unable to reliably measure the full range of WCs (i.e., 0 - 100 %),
and phase inversion is the dominant cause of this failure. Many WC sensors are based upon
the measurement of capacitance or conductance of the mixture, and are unable to provide
reliable WC readings over their full range of operation.
Although there are some gamma ray based WC meters which can reliably measure
the WC over the full range of operation, they require stringent operational safety
requirements due to the usage of radioactive elements. Moreover, most of the existing WC
meters are intrusive in nature, which can cause undesirable decreases in pressure in the oil
stream flow. Without exception, all of the existing WC meters are bulky and expensive.
Due to the deficiencies in the existing WC meters, there is a need for the
development of a WC meter which is based upon a non-hazardous working principle,
covers the full WC range, is completely nonintrusive, is low cost and is light in weight.

1.2.

Objectives

This research focused on the following objectives, in order to develop low cost
conformal WC sensors:


Develop a WC sensor by employing non-hazardous principles of operation;



Resolve the problem of phase inversion (i.e., the sensor can perform reliable WC
measurements with good resolution over the full range of operation [0 – 100 %]);



Design a non-intrusive WC sensor so that oil/water flow may not be hindered
(which can cause an unwanted decrease in pressure);



Develop the WC sensor design in such a way that it is applicable for the wide range
of pipe sizes available in the petroleum industry; and
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Design the sensor in a pipe-conformal way, so that it can be realized using low cost
means of fabrication.

1.3.

Challenges

This research employed microwave resonance technology, which was utilized (for reasons
which will be explained in next chapter) in order to achieve the aforementioned objectives.
The design, simulations and testing of a low cost microwave based WC sensor were
accompanied by the following challenges:


The design of a microwave resonator on a 3D pipe surface adds complexities in the
propagation of typical microwave modes, and closed form equations are not
available for these types of microwave designs;



Microwave resonators are usually built on a flat and thin piece of substrate. Pipe
conformal WC sensors assume pipes containing oil/water mixtures as substrates
which are large in size and curved in shape;



The HFSS simulation model employs the use of dielectric properties of
homogenous oil/water emulsions which depend upon different parameters (e.g.,
particle size of the dispersed phase within the continuous phase). There was a need
to measure these properties in the laboratory in order to accurately simulate the
response of the WC sensor, which was later validated by the measurements; and



The construction of a basic flow loop was mandatory, in order to test the
performance of the WC sensor in dynamic flow conditions. The design and
development of such a large test setup was itself a challenge.

1.4.

Contributions

This work describes the successful design, fabrication and measurement procedures for
WC sensors capable of meeting all the above-mentioned objectives. Some of the key
contributions to the work were:
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The design and development of an online WC sensor capable of sensing the WC
with utmost repeatability and accuracy over the full range of operation (i.e., 0 –
100 %). This was achieved by employing the microwave resonance phenomenon
realized on the outer surface of a dielectric pipe;



The introduction of the innovative use of dual ground planes, which not only
enabled planar implementation of the WC sensor but also enabled suitability for
use with the wide range of pipe sizes available in the oil industry;



The design was successfully implemented and tested using a low cost fabrication
method based upon a reusable 3D-printed mask. This process resembles screen
printing, although implemented in 3D; and



The design of an in-house basic flow loop, in order to test the WC sensor
performance, with oil/water mixtures flowing through the pipe.

1.5.

Thesis organization

The remainder of this thesis is organized as follows:


Chapter 2 provides a literature review of WC sensing technologies which have
recently been studied as well as those which are currently used in industry. This
chapter provides a comparison of technologies with this research;



Chapter 3 includes a brief overview of the basic operating principle, design
considerations, design optimization and the simulation model in HFSS. This
chapter also includes the prototyping of the WC sensor using two fabrication
methods based upon copper tape and a 3D-printed mask;



In the first part of chapter 4, static measurements using fabricated prototypes are
shown with an acrylic pipe filled with oil and water at different WCs, as
homogenous emulsions and as separate phases. The second part of this chapter
includes the design of a basic flow loop constructed in the IMPACT lab at
KAUST in order to test the WC sensor’s performance in a dynamic environment
where a mixture of oil and water flows through the pipe. A comparison of the
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WC sensor’s response to different flow rates also forms a part of this chapter;
and


After validating the simulation design with static and dynamic measurements,
the final chapter concludes the thesis with scope for future work. Effects of
operational parameters (e.g., temperature and salinity) on WC sensing are
discussed and possible solutions to mitigate these effects are proposed. This
chapter also emphasizes the need for the characterization of the WC sensor in an
actual multiphase flow loop, which may suggest some algorithms to enable this
design to be implemented under different flow regimes observed in oil pipelines.
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2. LITERATURE REVIEW
The determination of flow rates of individual phases in oil production pipelines is
an industrial need which has been extensively researched. There are numerous
manufacturers which provide commercial WC sensors. This chapter provides an overview
of the majority of the operating principles of WC sensors and will emphasize the need for
an improved version to be developed, which can potentially eliminate the shortcomings of
the WC sensors currently available.

2.1.

Classification of MPFMs

2.1.1. In-line vs separated-flow MPFMs
Multiphase flow in oil production consists of three phases, i.e., oil, water and gas.
This classification of MPFMs is based upon the manner in which the gas phase is treated.
The separated-flow MPFM measures the gas flow after the separation of it from the liquid
phases (i.e., oil and water); this simplifies measurement of the liquid phase. Additionally,
in-line MPFMs treats the entire multiphase stream in a single conduit, which enables these
and similar meters to be more compact in comparison to the separated-flow meters. Table
1 classifies some of the industrial MPFMs based upon the metering approach.
Table 1. Classification of MPFMs based upon metering approach (In-line/Separated-flow) [1]

Manufacturer/Developer

Model

Metering Approach

Accuflow

AF06-AF24

Separation

Agar

301

In-line

Agar

401

Separation

British Petroleum

Scrollflow

In-line

CSIRO

MFM

In-line

Fluenta

900,1900

In-line

Framo

-

In-line

Konsberg

MCF351

In-line

Multi-Fluid

LP

In-line

Paul Munroe

WellComp

Separation

Saudi Aramco

-

Separation

Texaco

SMS

Separation
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As mentioned above, the WC meter is an essential part of a MPFM which, as it
measures the water fraction in crude oil, demonstrates that it manages the liquid phases.
Complete MPFMs are required to measure the gas fraction and flow rates of the individual
phases, along with WC measurements. The following section focuses on the operating
principles of the WC sensors.

2.2.

Operating principles of WC sensors
Water and oil differ in some of their material properties, such as density, electric

conductivity, absorption coefficient for (Infra-Red) IR and gamma rays, and relative
electric permittivity. WC sensors measure either of the above-mentioned properties of an
oil/water mixture and compare this with the relevant characteristic (reference) curve to
indicate an unknown WC. Some of the major techniques currently being employed in WC
sensing are listed below (Table 2) .
Table 2. Operating principles of currently available WC sensors

Density
•Coroilis effect based WC
sensor

Absorption Coefficient
•IR absorption based WC
sensor
•Single/Dual gamma ray
absorption based WC
sensor

Relative Electric
Permittivity
•Capacitance based WC
sensor
•Microwave resonance
based WC sensor
•Time domain
transmissiometry (TDT)
based WC sensor

The criterion for choosing the correct technology for WC sensing is dependent upon
many parameters, including but not limited to sensor range, dependency on process
parameters, required accuracy, pipe specifications, maintenance requirements and price
[2].

2.2.1. Coriolis effect based WC sensor
Due to the different constituting elements of water (oxygen and hydrogen) and
hydrocarbons (carbon and hydrogen), these fluids have different densities. Distilled water
has a density of ≈ 1000 kg/m3; depending upon the type of crude oil, it has a density in the
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range of 780 kg/m3 (containing a higher proportion of lighter hydrocarbons, such as
gasoline) to 850 kg/m3 (containing a higher proportion of heavier hydrocarbons, such as
paraffin wax).
The governing principle of this mechanical method of measuring the water content
of oil is the “Coriolis effect,” in which a tube filled with a liquid is mechanically excited
using an exciter, causing it to vibrate, and nearby vibrational sensors then sense the
oscillation frequency (Figure 1) which is inversely proportion to the density of the liquid
inside the tube. The tube vibrates with a maximum oscillation frequency when pure crude
oil (lower density) passes through the tube, and with a minimum frequency when water
(higher density) flows through. Different WCs cause the tube to oscillate with frequencies
in between these two extremes, and the relative percentage is determined using this
oscillation frequency.

Figure 1. Coriolis effect based WC sensor [3]

The difference in densities between water and oil is not great, especially regarding
heavy oils. Therefore, this principle concerning measuring WCs has become obsolete, as
it provides a low resolution. Although the Coriolis effect is not used for WC sensing, it can
be used in density and flow rate meters. Different manufacturers, such as
“Endress+Hauser,” currently employ this principle to measure the flow and density of
mixtures of oil, water and gas.
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2.2.2. Electrical conductivity
WC sensing can also be achieved by comparing the electric conductivity of an
oil/water mixture with the reference conductivity of water. Measurements are based upon
the basic principle of electricity, according to which the voltage between two electrodes is
inversely proportional to the conductivity of the material between the electrodes [4].
This type of WC sensor has been tested in the field as well as in the flow loop of
the Daqing Logging and Testing Services Company, China; however, this principle is only
applicable to the high WC range (50 – 100 %). This is because, at low WCs, oil is the
continuous phase which poorly conducts electricity and gives no means to estimate
accurate electric conductance.

2.2.3. Absorption of near IR wavelengths
Optics also provide a method for the measurement of water content in crude oil, by
passing near IR rays through a mixture of water and oil and observing the absorption,
diffraction, and reflection (Figure 2).

Figure 2. Near IR spectroscopy curve depicting differences in the near IR absorption properties of water and oil [5]

As evident in fFigure 2, water absorbs more energy at higher wavelengths, in
contrast to oils, which absorb energy at relatively smaller wavelengths. Differences in the
absorption properties of oil and water are exploited in IR spectroscopy based WC sensors,
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where near IR waves are incident from one end of the tube and are received at the other
end after passing through the mixture of oil and water. This technology is accurate only for
high WCs and offers less resolution at low WCs. Moreover, these types of sensors are
extremely expensive, due to the usage of an IR source which requires a special protective
scratch-free window usually made of an expensive material, such as sapphire (Figure 3).

Figure 3. Near IR Spectroscopy based WC sensor [5]

Different manufacturers in the market, such as Weatherford, currently manufacture
WC meters (Red Eye 2G) based upon this principle.

2.2.4. Gamma ray absorption
Different phases in multiphase flow (oil, water and gas) can also be characterized
in terms of their linear absorption coefficient or mass absorption coefficient for gamma
rays. Dense materials (e.g., water) absorb a larger amount of gamma rays compared to
materials with a lower density (e.g., crude oil and gas). Collimated gamma rays from a
source at one end of a pipe are detected by a receiver at the other end of the pipe. The
absorption of gamma rays, passing along a line, is an indication of the averaged mixture
density along that line (chord) [6]. Since water and oil differ in their densities, gamma ray
absorption is indicative of WC.

23

Water liquid ratio (WLR), i.e., the ratio of water in oil, can be measured using many
methods, but the gamma ray absorption principle is especially used for the accurate
measurement of the third phase, i.e., gas. This principle is used because the gamma energy
absorbed by any material is dependent not only on the material density but also on the
absolute energy which passes through it. Hence, dual-energy gamma rays can give two
independent absorption responses, from which the relative percentages of the oil, water
and gas phases can be extracted. The gamma ray absorption responses for oil, water and
gas are recorded as part of calibration. The triangle formed in the process of calibration can
later be used to detect any possible combination of water, oil and gas. A representative
calibration triangle by Framo engineering is shown in Figure 4. Any point inside the blue
triangle represents a possible combination of the phase fractions of oil, water and gas.

Figure 4. Representative measurement curve used in dual energy gamma ray absorption based MPFM. Corner points
represent the dual energy absorption response for oil, water and gas [7]

Many MPFMs, such as those of CSIRO, Schlumberger VX, Framo, Haimo, ICC
Mixmeter and Daniel MEGRA make use of the dual-energy gamma ray absorption
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technique [7] [8]. The most significant drawback of gamma ray absorption based WC
sensors is due to the fact that they use a radioactive source of energy, which is hazardous
to human health. Therefore, special care needs to be taken when handling such sensors.

2.2.5. Dielectric constant
The most widely studied WC sensors are based upon detecting the difference in the
dielectric constant of mixtures of oil and water.
Relative permittivity, also known as the dielectric constant, of any dielectric
medium is defined as the ratio of the capability of a capacitor to store charge with that
medium as dielectric, to the charge stored when a vacuum is used as the dielectric medium.
When a dielectric material is placed in an electric field, it becomes polarized. This
polarization appears as a dipole moment (Figure 5); this causes the storage of electric
potential energy inside the medium to occur. Polarization of any dielectric medium depends
upon the non-symmetry of its molecules, and a relative electron affinity of the atoms
constituting the molecules of the dielectric medium.

Figure 5. Polarization of a dielectric medium placed inside the E-field

In water molecules, oxygen atoms have a higher electron affinity than hydrogen
atoms, due to the non-symmetric molecular structure of water. Therefore, an electron cloud
is attracted to a higher degree to oxygen than to hydrogen, leading to its high capability to
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align itself with an applied electric field (resulting in a larger relative permittivity usually
in the range of 78 – 80). In contrast, hydrocarbons (composed of hydrogen and carbon)
present in crude oil show a relatively symmetrical structure and have a lower tendency to
align themselves to an applied E-field (resulting in a low relative electric permittivity
usually in the range of 2.2 – 2.6).
Consequently, increasing the water content in crude oil causes the relative
permittivity of the mixture to increase. However, the permittivity of the oil/water mixture
at different WCs depends upon the particle size of the dispersed phase in the continuous
phase. Figure 6 represents a particular case published by Roxar.

Symmetric hydrocarbons

Non-symmetric water

Figure 6. Change in relative permittivity of oil/water mixture at different WCs [9]

The following three prevalent technologies detect change in the dielectric constant
of an oil/water mixture for WC sensing:
1. Capacitance based WC sensor,
2. Microwave resonance based WC sensor; and
3. Time Domain Transmissometry (TDT) based WC sensor
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2.2.5.1.

Capacitance based WC sensor

Capacitive sensing for measuring WCs has been used for approximately 50 years,
and is considered to be a relatively simple and cheap solution when compared to other
types of WC sensors. Capacitance of a capacitor is a function of relative permittivity of the
medium sandwiched between its electrodes. An oil/water mixture acts as a dielectric
medium for these capacitive WC sensors. Depending upon the pipe material (conductive
or non-conductive), these WC sensors have been reported in two types of configurations:
1. Coaxial capacitor based WC sensor (for metallic pipes); and
2. Pipe conformal electrodes based WC sensor (for dielectric pipes).
The coaxial capacitor based WC sensors consist of two concentric metal electrodes
(a metallic rod is placed inside the pipe with the help of a mechanical support to act as one
electrode, and the metallic pipe surface serves as the second electrode), between which
flows the mixture of oil and water. The change in capacitance across the capacitor
electrodes is measured and related to the WC. The typical configuration of coaxial
cylindrical capacitor based WC sensors is shown in Figure 7.

Figure 7. Typical coaxial electrode based capacitive WC sensor configuration [2]

Capacitive WC sensing can also be performed by wrapping two arch-shaped
electrodes around the outer circumference of a dielectric pipe. This configuration (Figure
8) has been widely studied because it offers a non-intrusive means of detecting the WC.
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Figure 8. Possible configurations of pipe conformal capacitive sensors for WC measurements. (a) One pair of semicylindrical strips; (b) two pairs of semi-cylindrical strips, (c) three pairs of semi cylindrical strips, (d) two ring
electrodes, and (e) double helix electrodes [10]

The excitation frequency used for measuring capacitance plays a significant role in
defining the range of capacitive WC sensors. Therefore, capacitive sensing can be broadly
categorized based upon the excitation frequency of measurements. The low excitation
frequency (in the range of kHz) measurement method [11] [12] [13] is known to suffer
from the short circuit effect between the electrodes of the capacitor in the presence of a
conductive medium (i.e., in the cases of a high WC when water is the continuous phase);
therefore, this method is not applicable for reliable WC measurements above a WC of
70 %. It has been shown [14] that the sensitivity of capacitive sensors can be increased if
an excitation frequency >1 MHz is used and the shielding effect (responsible for decrement
in sensitivity at high WCs) is minimized. This occurs as the dielectric behavior of water
becomes comparable to its conductive behavior at a higher frequency, and the shorting
effect between the electrodes of the capacitor disappears. As a result of this finding, [14]
[15] [16] [17] a high excitation frequency has been used to increase the measurement range
of such WC sensors.
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The coaxial capacitive configuration has been successfully commercialized
because of its ability to be implemented on metallic pipes. Many manufacturers, such as
ZelenTech, EssiFlo, DeltaC, Nuflo and DerexelBrook currently use the coaxial capacitive
principle to measure WCs. With recent advancements in dielectric materials (e.g., PEEK)
which can sustain high pressures and high temperatures, pipe conformal capacitance
configuration has also become attractive as it is able to non-intrusively detect the WC.
2.2.5.2.

Microwave resonance based WC sensor

The substrate (with a dielectric constant of εr and a loss tangent of tanδ) defines the
speed of microwaves passing through it. Since the microwaves are passed through a
dielectric medium by alternate cycles of charging and discharging, the substrates with a
high storage capacity (i.e., of high εr) hinder the changing of the polarity of the E-field,
hence causing a reduction in the speed of the microwave, as shown by eq. 1.
𝑣=

𝑐
√𝜀𝑒𝑓𝑓1

(1)

The microwave resonance phenomenon is based upon the superposition of two
oppositely-travelling waves which cause the standing wave pattern to appear at different
frequencies depending upon the speed of the microwaves. Hence, the resonance frequency
of the microwave resonator is linked to the relative electric permittivity (εr) of the substrate.
As explained earlier, oil and water have different εr values; therefore, the εr of an oil/water
mixture depends upon the WC. Hence, the resonant frequency of the microwave resonator
corresponds to the WC of an oil/water mixture. Future sections will elaborate upon this
further.
2.2.5.3.

Time domain transmissometry (TDT)

With time domain transmissometry (TDT), a step pulse with a fast rise time is
transmitted into a transmission line. The step pulse travels down the transmission line and
a voltage threshold is detected at the other end of the transmission line. The shape of the

εeff depends upon relative percentage of field lines passing through a substrate of relative permittivity of ε r
and through air. This parameter depends upon the substrate’s ε r and the mode of propagation.
1
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transmitted waveform is not relevant, but a measurement of the pulse travel time through
the transmission line will allow an estimate of the dielectric constant of the medium.
One of the properties of TDT is that the one-way travel time of the pulse through
the medium is directly related to the moisture content of the medium, e.g., the higher the
amount of moisture in the material, the longer the trip time. This type of WC sensor is less
accurate at a high WC because of the high loss of water. Flo. Point makes use of TDT
technology to develop WC sensors as shown in Figure 9.

Figure 9. Flo•Point WC sensor [18]

2.3.

Summary of literature review
In summary, different properties of an oil/water mixture can be detected to measure

WCs using the techniques summarized above. All of these techniques display some
drawbacks. Density based WC sensing is inherently inappropriate for high resolution.
Techniques using electric conductivity and IR absorption are suitable for high WCs, while
capacitance and TDT based WC sensing are appropriate for low WCs. Gamma rays provide
information regarding both the WC and gas fraction, at the cost of its hazardous working
principle. In order to realize most of the above-mentioned WC sensors, bulky materials and
costly fabrication methods may be required. Table 3 summarizes the advantages and
disadvantages of the technologies mentioned above.
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Table 3. Comparison of different available technologies for WC sensing

Sensor
type

Cost

Range

Process
parameters
dependency

Major advantage

Major disadvantage

Coriolis effect
sensor
(density)

Medium

High

Provides additional
information such as
flow rate

Low resolution and
high process
dependency

Electric
conductivity
Near IR
spectroscopy

Low

(0 – 100 %)
with less
resolution
over full range
(50 – 100 %)

High

Simple and low cost

(0 – 100 %)
with less
resolution at
low WC
0 – 100 %

Less

Accurate at high WCs

Incapable of covering
full WC range
Low resolution at low
WC

Less

Full range (0-100%)
and gas fraction
measurement

Hazardous operation
due to usage of
radioactive elements

(0 – 50 %)
Erroneous at
high WCs
(0 – 100 %)
Erroneous at
high WCs

Less

Low cost and mature
technology

Incapable of covering
full WC range

High

Complete WC range
with reasonable
accuracy

Less accurate at high
WCs (high water loss)

Highest

Gamma ray
absorption

High

Capacitive

Low

Time domain
transmissometry

Medium

Note:
Process parameters means density, salinity, temperature and pressure of the mixture.
Keeping in mind the drawbacks of the available technologies, a solution capable of
sensing the full range of WCs using low cost and non-hazardous principles of operation is
proposed in this work. The microwave resonance principle has been utilized to develop a
WC sensor due to its ability to cover the full range of operation with a high resolution,
without requiring a radioactive source. The following section briefly discusses some of the
currently available microwave resonance based WC sensors, and highlights the advantages
of novel implementations of this technology (the aim of this thesis) in order to achieve the
full range of operation with the additional advantages of non-intrusiveness, scalability, low
cost, pipe conformal design and lightness in weight.
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2.4.

Existing microwave resonance technologies for WC sensing
The following two types of microwave resonators are currently in commercial use

for WC sensing:
1. Coaxial waveguide opened/shorted at one end; and
2. Cavity resonator.
Many manufacturers use the resonating structure in the form of a coaxial waveguide
which is opened or shorted from one end and which resonates when the electrical length of
λ

λ

the resonator becomes equal to 4 𝑜𝑟 2, respectively. The electrical length of the resonator
is a function of the εr of the mixture; therefore, the same physical length appears electrically
different based upon the mixture’s WC. This phenomenon causes the resonator to resonate
at different frequencies depending upon the WC. The conductive pipe surface acts as the
outer conductor of the coaxial waveguide, while a piece of conductor (mechanically
supported by a dielectric) coaxially placed in the middle of the pipe acts as the center
conductor of the coaxial waveguide. The resonance condition can be obtained by
terminating a fixed length of such coaxial waveguide with either a short or open circuit.
The incident and reflected (from the open/short circuit termination) waves give rise to a
standing wave pattern, the frequency of which is dependent upon the relative electric
permittivity (εr) of the mixture inside the pipe. In this way, the resonant frequency is an
indication of the WC. One of the drawbacks of WC sensors based upon this configuration
(Figure 10) is that they intrude into the flow of the mixture passing through the pipeline.

Figure 10. A representative coaxial waveguide configuration capable of being used
as a microwave resonator based WC sensor [45]
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Different manufacturers, such as Roxar and Phase Dynamics, are currently using
this technology to measure WCs.
A cavity resonator is another type of microwave resonator which is used for WC
sensing. The metallic walls of the pipe act as the boundaries of the cavity resonator.
Microwave energy is coupled to the cavity resonator using different means. Transmitting
and receiving antennas can also be used for coupling the microwave energy to and from
the cavity [19]. Transmitter (Tx) and receiver (Rx) antenna based WC sensors are limited
in size, which restricts their use to relatively smaller diameter pipes only. This is due to the
high losses introduced by the oil/water mixture, especially at higher WCs.
A representative configuration of a cavity resonator is shown in Figure 11. The
dielectric sleeve allows RF energy to be inserted and removed from the cavity and prevents
the oil/water mixture from coming into contact with the coupling loops. A simple
perturbation method cannot be used to predict the frequency shift, because this
configuration does not represent a true cylindrical cavity which is enclosed on all sides by
metallic walls. As a result, the characteristic curve of such a sensor is formed based upon
simulations and measurements. This characteristic curve is later used for the detection of
an unknown WC [20].
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Figure 11. A representative configuration of a cavity resonator having two coupling loops for exciting the cavity and
receiving resonant RF energy [20]

2.4.1. Drawbacks in existing microwave resonance based WC sensors
To summarize, the majority of the reported microwave resonators are non-planar
and based upon either a quasi cavity resonator [21] (“quasi” in the sense that such cavity
resonators have open or partially open ends to have minimum flow hindrance), a cylindrical
fin resonator (CFR) [22] [20], or terminated transmission lines (TL; twin wire or coaxial)
[23]. All of the microwave resonator based WC sensors have shortcomings, e.g., cavity
resonators require complex feeding mechanisms through Tx and Rx antennas, CFR is
intrusive in nature and TL based resonators are usually implemented in a bypass fashion to
the main flow stream.
For the first time, this work presents a planar implementation of a microwave
resonator as a fully non-intrusive WC sensor which can be scaled according to a wide range
of industry-standard pipe sizes owing to the usage of a dual ground plane. Repeatability of
more than 0.1 % WC has been achieved, even with a low cost and a reusable fabrication
mask. This novel fabrication method, based upon a 3D-printed mask, would resemble that
of screen printing if this were to be implemented in 3D.
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3. Design and fabrication of a pipe conformal low cost WC sensor
Although microwave technology has been utilized earlier for the development of
WC sensors, challenges lie in its implementation to make the design as pipe conformal and
low cost. Starting from the basic introduction of the microwave resonance phenomenon,
this chapter also covers the innovative implementation of this concept and prototyping of
the pipe conformal and low cost design.

3.1.

Concept of microwave resonator
The substrate (with a dielectric constant of εr and a loss tangent of tanδ) defines the

capacitance (C) and conductance (G) of any transmission line (TL) which affects its
characteristic impedance (Z0), as given in eq. 2, and the speed of the microwaves (eq. 1)
passing through it.
𝑍0 = √

𝑅 + 𝑗𝑤𝐿
𝐺 + 𝑗𝑤𝐶

(2)

As explained earlier, microwaves are passed through a dielectric medium by
alternate cycles of charging and discharging, so that the substrates with a high storage
capacity (i.e., of high εr) hinder the changing polarity of the E-field, therefore causing a
reduction in the speed of the microwave, as given in eq. 1. The slow speed of the
microwaves causes a fixed length of TL to appear electrically larger while passing through
oil/water mixtures of a high εr. In order to achieve a resonance condition, an open or short
termination is placed after a fixed length of TL. The open/short termination causes
microwaves to reflect and superpose onto the incident wave.
The microwave resonance phenomenon is based upon the superposition of these
two oppositely-travelling waves, which cause the standing wave pattern to appear at
different frequencies depending upon the speed of the microwaves. Hence, the resonance
frequency of the microwave resonator is representative of the relative electric permittivity
(εr) of the substrate.
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3.1.1. Choice of resonator mode
Planar microwave resonators can be constructed using two modes of TL, i.e., a
microstrip line and a co-planar waveguide (CPW). Amongst these, the microstrip line is
more sensitive to change in the dielectric properties of the substrate, as it sandwiches the
dielectric medium (between the signal and ground conductors), causing the E and H fields
to penetrate further into the medium. In contrast, side-by-side conductor placement in a
CPW causes a relatively higher proportion of field lines to remain in the air and to penetrate
to a lesser degree into the substrate (Figure 12).

Figure 12. Comparison of E and H field lines passing through a substrate and air for microstrip line and CPW modes

In order to verify this effect quantitatively, simple HFSS models were built for both
TLs, and the change in Z0 was plotted at 200 MHz as a function of the dielectric constant
of the medium of a thickness of 1.6 mm.
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Figure 13. Comparison of the dependency of characteristic impedance (Ω) of a standard microstrip line and a CPW as
a function of substrate permittivity at 200 MHz

Figure 13 shows the real part of Z0 of both TLs which are matched to 50 Ω for the
medium of εr = 2 (typical for oils). It can be observed that the impedance of the microstrip
line is more sensitive to change in εr of the medium. Relatively high dependency of the
impedance of microstrip line makes it more appropriate mode for sensing the change in εr
of the substrate.
Although the microstrip mode is very sensitive to change in the εr of the substrate,
it is also affected by the shape/thickness of the substrate due to the large penetration of
field lines into the substrate. It is therefore very challenging to implement the microstrip
mode on a 3D structure. However, the CPW mode is affected to a lesser degree by the
shape/thickness of the substrate, because its field lines do not penetrate as far into the
substrate. Therefore, it is much easier to wrap CPW around any non-planar structure, such
as a 3D pipe surface.
The problem of the dependency of the microstrip mode on the geometric structure
of the substrate was solved through the innovative use of a dual ground plane (which is
explained in future sections). Therefore, the microstrip TL was chosen to build the pipeconformal microwave resonator, owing to its high sensitivity to detect changes in the
relative electric permittivity of the substrates.
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3.1.2. Choice of resonator type
The following types of microstrip line based microwave resonators can be
implemented on 3D pipe structures:
1. Ring resonator; and
2. Open/Short circuited stub resonator (T-resonator).
Figure 14 shows a possible implementation of a ring resonator using a microstrip
line. Although ring resonators offer a higher quality factor (Q), i.e., reduced losses, they
are more difficult to implement on the curved surface of the pipe. Stub resonators are based
upon a flat piece of TL (Figure 15), and are much easier to be implemented on pipe surfaces
(Figure 16) compared to circular or elliptical ring resonators.

Figure 14. Possible implementation of ring resonator on pipe surface (left side view, top-front view and right side view)

A microstrip line based T-resonator was chosen for further implementation and
characterization due to its ease of implementation and the ability to be easily scalable to
different pipe sizes.

3.1.3. Basic T-resonator
A T-resonator is a simple TL (used for feeding and receiving microwave energy)
shunted with either a λ/4 length of open circuited or λ/2 length of short circuited stub. A
λ/4 open circuited stub is usually implemented (Figure 15) as it is shorter in length (for a
given operational frequency) and easier to be realized without requiring a via connection.
At the resonant frequencies, the open stub appears as a short circuit after λ/4 transformation
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(π radian rotation on the Smith chart) in the middle of the feeding TL. In other words, the
incident and reflected waves differ by 180° (opposite in phase) at the resonant frequencies
in the middle of the TL, causing choke of signal transmission (due to destructive
interference) from one port to another. In this way, the S21 response of the T-resonator is
characterized by dips at the resonant frequencies. Since a guided wavelength (λg)
determines the resonant frequency of the T-resonator, which depends upon the εr of the
substrate, the T-resonator can be utilized to find an unknown dielectric constant (εr) and
the loss of any medium [24]. Based upon a similar concept, a flat T-resonator has been
used as an off-line WC sensor utilizing a microfluidic channel [25]. The following section
encompasses the implementation of a T-resonator on the pipe surface.

Figure 15. A basic T-resonator on a flat substrate at a resonant frequency

3.2.

Design considerations and simulations
Consider wrapping the signal conductor of a T-resonator around the outer

circumference of an upper semi-cylindrical pipe surface and ground it on that of a lower
semi-cylindrical surface, as shown in Figure 16. The fluid inside the pipe now becomes the
medium for such a T-resonator. Many factors need to be considered for the proper
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operation of the microstrip mode on a 3D pipe surface, which will be addressed in the next
section.

Figure 16. Possible implementation of a T-resonator on a pipe surface (left side view, top-front view and right side
view)

3.2.1. Design parameters
Three important design parameters which must be considered while implementing a
T-resonator on a pipe surface as a WC sensor are:
1. Guided wavelength (λg) of the open stub;
2. Characteristic impedance (Z0) of the shunt stub (Z0-SS); and
3. Characteristic impedance (Z0) of the feed line (FL; Z0-FL).
3.2.1.1.

Guided wavelength (λg) of the open stub

λg, as given by eq. 3, is the wavelength of microwaves in a dielectric medium,
𝜆𝑔 =

𝜆0
√𝜀𝑒𝑓𝑓

(3)

where εeff of the microstrip mode majorly depends upon the following parameters:
a) Distance between signal and ground conductor; and
b) εr of the substrate.
For the open stub, the distance between the ground and signal conductors remains
fixed, so that 𝜆𝑔 solely depends upon the εr of the mixture inside the pipe. Increasing the
WC (larger proportion of water in oil) will cause 𝜀𝑒𝑓𝑓 to increase and 𝜆𝑔 to decrease.
Consequently, the same physical length of the shunt stub of the T-resonator will appear
electrically larger at a high WC, causing the resonant frequency to decrease.

40

3.2.1.2.

Characteristic impedance (Z0) of shunt stub (Z0-SS)

Similar to the guided wavelength of the shunt stub (λg), its characteristic impedance
(Z0-SS) also depends upon the εeff. In reality, Z0-SS does not have any pronounced effect on
the performance of the T-resonator. In order to verify this, a parametric study was
conducted to investigate the effect of the Z0-SS on the performance of a simple flat substrate
based T-resonator (HFSS model as shown in Figure 17).

Figure 17. HFSS model for a parametric study of the Z0 of the open stub, on the performance of a simple T-resonator
built on a εr=2 substrate

From Table 4, it can be seen that good signal rejection (dip) in the S21 response (at
fundamental resonant frequency “f0”) can be achieved (i.e., f0 can easily be identified)
irrespective of the Z0-SS. Moreover, εeff approaches εr (i.e., εeff increases) by decreasing the
Z0-SS (or by increasing the width of the shunt stub). This occurs because the field lines
become denser into the substrate and the f0 therefore becomes slightly shifted towards the
lower frequencies because of its inverse proportionality to εeff.
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Table 4. Simulation results of a parametric study of the effect of Z0 of the open shunt stub on the performance of the Tresonator

Z0 of

Width

shunt

𝜺𝒆𝒇𝒇

Fundamental

S21

of shunt

resonant

value

stub

stub

frequency “f0”

at f0

(Ω)

(mm)

(MHz)

(dB)

100

1.5

1.63

229

-36

75

2.6

1.67

226

-37

50

5.1

1.73

222

-42

40

7.0

1.76

220

-45

25

13.0

1.82

218

-47

While implementing the T-resonator on the pipe surface (Figure 16), the width of
the shunt stub was constant, but its Z0 decreased with increasing WC (high εeff), which did
not have a pronounced effect on signal rejection at f0, but which did cause the resonant
frequency to decrease slightly (Table 4).
Therefore, increasing the WC (or increasing the εeff) causes both the λg and the Z0SS

to decrease and to shift the resonant frequency towards the lower end. λg plays the main

role in shifting the frequency, while Z0-SS also plays a minor role in this.
3.2.1.3.

Characteristic impedance (Z0) of FL (Z0-FL)

The most important parameter to consider is the Z0-FL. Since the FL provides and
receives the microwave signal from the open shunt stub, it must always be matched to 50 Ω
(Z0 in most of the measurement equipment) in order to avoid mismatch losses (which may
affect the sensor’s performance). In possible T-resonator implementations (Figure 16), Z0FL

varies because the:
a) Distance between the signal and ground conductors is not fixed; and
b) εr of the mixture inside the pipe is not fixed.
In order to eliminate the effect on Z0-FL of the variable distance between the signal

and ground conductors and the variable mixture (εr) inside the pipe, a separate ring-shaped
ground for FL (shown in red in Figure 18) was included in the design. This supplementary
ground plane runs underneath the curved FL and connects with the main ground plane on
the circumference of the bottom semi-cylinder of the pipe. The FL and its ring-shaped
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ground plane are separated by a piece of dielectric (shown in white). The dual ground plane
based implementation of the T-resonator on a 3D pipe surface is shown in Figure 18.

Figure 18. Proposed implementation of the T-resonator on a 3D pipe surface with dual ground planes

3.2.2. Physical dimensions
Taking into account the design considerations highlighted in the section “Design
parameters,” a simulation model was built in an electromagnetic finite element method
(FEM) based solver, i.e., a HFSS as shown in Figure 18, with physical dimensions as
mentioned below.
3.2.2.1.

Pipe size

For testing and prototyping purposes, an acrylic pipe size of inner diameter
(ID) = 46 mm and outer diameter (OD) = 50 mm was chosen. The length of the pipe chosen
was 14. Unlike the Tx and Rx antenna based cavity WC sensors and the TDT based WC
sensor, this design can easily be scaled up for larger pipe sizes owing to the innovative use
of dual ground planes. The validity of this design for larger pipes (simulated to an 8
diameter pipe) has been confirmed by performing basic simulations on the scaled version
of the proposed design.
3.2.2.2.

Length and width of the shunt stub

The length of the shunt stub should be restricted to a small number of times longer
than the diameter of the pipe, i.e., 50 mm (which is the separation between the stub signal
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and the bottom ground conductor) for the proper microstrip mode to propagate along the
shunt stub. For shorter lengths, most of the fields from the shunt stub will terminate at the
ring ground, which may severely affect the resonance sensing phenomenon. For this
design, the length of the stub chosen was approximately five times the OD of the pipe, i.e.,
254 mm (10). The length of the open stub largely determines the operational range of the
WC sensor, which in this case was in the range of 80 MHz – 190 MHz.
As explained in previous sections, the width of the shunt stub determines its Z0,
which varies in the presence of oil/water mixtures of different WCs (i.e., different εrs). In
order to achieve a Z0-SS in the vicinity of 50 Ω, the width of the shunt stub was chosen to
be 1.0. This width corresponds to a Z0-SS in the range of 108 Ω – 200 Ω (similar to the
range presented in Table 4), if the average distance between the top signal conductor and
the bottom semi-cylindrical ground plane is considered to be 45 mm and εeff variation is
considered to be between 2 – 80.
3.2.2.3.

Separator piece for FL

A 1.0 mm thick 3D-printed dielectric separator piece (εr = 2.8) was used to separate
the signal conductor and the ring ground of the FL. The arc length of the separator was
45 mm.
3.2.2.4.

Length and width of the FL

In order to achieve a Z0-FL of 50 Ω, the width of the FL was required to be 2.5 mm
on a 1.0 mm thick printed dielectric separator (εr = 2.8). The length of the 50 Ω FL was
required to be at least longer than the width of the shunt stub (i.e., 25.4 mm); therefore, a
~45 mm FL was chosen (equal to the arc length of the separator piece) for easy placement
of the SMA connectors for the RF measurements.
3.2.2.5.

Width of the ring-shaped ground plane

The width of the ring-shaped ground plane was maintained as slightly larger than
5

the width of the FL. The ratio of the two was maintained as 1:2 and was realized at ~0.25.
3.2.2.6.

2

Arch2 length of bottom ground plane

An arch is a curved structure that spans a space.
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The arch length of the bottom ground plane plays a crucial role in the design of a
WC sensor. If a ground plane is made which is too large, as shown in Figure 19(a), most
of the field lines will terminate at the edges (shorter path) and a minority will terminate on
the central part (longer path) of the bottom ground plane. Since a WC sensor is sensitive to
changes in that part of the medium which lies in the path of its E-field lines, an extremely
large bottom ground plane makes a WC sensor insensitive to the changes in oil/water
fractions occurring in the bottom of the pipe. At the other extreme, the bottom ground plane
cannot be made so small that the E-fields between the shunt stub and the bottom ground
become loosely bound and start to radiate. Hence, there is a need to optimize these variables
to obtain a minimum fringing without a high amount of radiation loss.

(a)

(b)
Figure 19. Comparison of the effect of the bottom ground plane size on fringing field pattern. (a) The larger arc length
corresponds to an increase in the field fraction in air, and (b) a smaller optimized arc length corresponds to an increased
field fraction through an oil/water mixture
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Since fringing depends upon the εr of the medium inside the pipe, the minimum
fringing field point also depends upon the medium. Therefore, a parametric study on the
arch length size of the bottom ground plane was conducted for two extreme cases, i.e., a
pipe filled with water (Figure 20) and a pipe filled with oil (Figure 21).
Decreasing the size of the bottom ground plane causes a decrement in the fringing
through air and an increment in the εeff experienced by the T-resonator. This in turn
decreases the resonant frequency, as explained above. Starting from an arch length of 64
mm, the bottom ground plane size was decreased in steps, seeking a valley point (where
the resonant frequency negligibly changes with a further slight change in arch length of the
bottom ground plane), where the minimum resonant frequency of the T-resonator could be
observed. For a given medium, the minimum resonance frequency corresponds to
minimum fringing fields.
Decreasing the ground plane size beyond the valley point causes the E-fields to
terminate at the ring-shaped ground plane instead of travelling to the bottom ground plane.
This may hinder the proper microstrip mode propagation along the full length of the shunt
stub. Consequently, the shorter length experienced by the improper microstrip mode can
cause the resonant frequency to again increase, as evident by the post valley point in Figure
20. With such small ground plane sizes, undesirable radiation losses can be significant.
Therefore, the valley point is the optimum point for a particular medium inside the
pipe.

Figure 20. Effect of the size of the bottom ground plane on the resonant frequency (fringing fields) of the shunt stub with
the pipe fully filled with water
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Figure 21. Effect of the size of the bottom ground plane on the resonant frequency (fringing fields) of the shunt stub
with the pipe fully filled with oil

Fringing fields are inherently smaller in the case of water, because of its high
electric permittivity (i.e., it permits the majority of the E-fields to pass through it instead
of allowing fields to pass through nearby mediums of lower values of electric permittivity,
such as air); the opposite is true for oil. It causes the minimum fringing point to be achieved
much earlier in the case of water (Figure 20) at a considerable ground plane size of -3540 mm as opposed to, in the case of oil, where this point is barely achievable with a very
small ground plane size in the range of 5-10 mm. Considering these two extreme cases, the
averaged value of 22 mm was defined as the optimum arc length size for the bottom ground
plane.

3.3.

Fabrication of the WC sensor
One of the aims of this investigation was to be able to realize a WC sensor using

low cost fabrication methods. Owing to the simple design of the proposed WC sensor, it
can easily, rapidly and reliably be realized using a 3D-printed mask and an LPKF silver
conductive paste.
Copper tape was initially used to quickly realize and verify this design. However,
copper tape is not a very robust solution due to its limited adhesion and its surface oxidation
(which increases the conductor losses over time). In order to provide a more reliable
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fabrication method, a reusable 3D-printed mask was built using a Objet260 Connex1 3D
printer (Figure 22a). The mask was designed in two pieces, such that it could be easily
placed on and removed from the pipe surface for reuse. Flanges were present on either
piece of the mask, which could be tightened using M-10 sized nuts and bolts in order to
firmly fix the mask onto the pipe surface. The mask incorporated the calculated open areas
for a bottom ground plane, a top shunt stub and a FL. A separator piece used for separating
the FL and the ring-shaped ground plane was also 3D printed. An internal space in the
mask was used for placing the separator piece. The simple steps involved in prototyping
using the 3D-printed mask are shown in Figure 22.
Beginning with an acrylic pipe, four pieces of tape were placed approximately at
the edges of the top shunt stub and the bottom ground plane. The flanges on the mask
ensured its proper tightening to a pipe surface, and any leftover spreading of conductive
paste underneath the mask surface could be removed using this tape (as shown in the
fabrication step (e) of Figure 22). After placing the mask, any additional tape (blocking the
mask openings) was removed using a cutter (Figure 22c). LPKF pro-conduct paste was
painted through the openings of the mask (Figure 22d). After removing the mask and tapes
from the pipe, the conductive pattern was present on the pipe surface as well as on the
separator piece (containing the FL and part of the shunt stub). Afterwards, the pipe and the
separator piece were cured in an oven at 80 °C for 30 min (Figure 22e, f). Two pieces of
tape, separated by 0.25” were used to paint the conductive ring-shaped ground plane
(Figure 22g, h, i). After again curing the pipe, the separator piece was placed in the center
of the shunt stub using superglue. Two holes for the ground pins and one hole for the signal
pin of the SMA connector were drilled on either side of the separator piece (Figure 22j).
The SMA connectors were connected using a silver epoxy3 which was cured at room
temperature for 24 hours. Additional strengthening for the SMA connectors was provided
using non-conductive epoxy4. Front-top and left-side views of the fully-printed WC sensor
prototype are shown in Figure 22k, l).

3
4

Duralco 124.
Five-minute epoxy.
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Figure 22. Fabrication steps of prototyping the 3D-printed mask based WC sensor. (a)Top view of 3D-printed mask,(b)
acrylic pipe with four pieces of tape to avoid conductive paste leakage, (c) mask placed on pipe and flanged together, (d)
conductive paste through the mask onto the pipe, (e) pipe after mask and tape removal, (f) printed separator piece after
removing from mask, (g)taping for ring-shaped ground plane, (h) ring ground plane painted with silver paste, (i) removal
of tape to achieve pattern of ring ground, (j) drilling holes for SMA connectors after placing separator piece, (k) fronttop view of fully-printed WC sensor, and (l) left-side view of fully-printed WC sensor
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4. Simulations and measurements of designed WC sensor
This section discusses the simulation results of the HFSS simulation model of the
WC sensor and its comparison with the measurements performed using a fabricated
prototype.
The simulated model was built in the HFSS as per the simulation considerations
mentioned in the above section. The simulation model makes use of the measured dielectric
properties of oil, water and its emulsions, which will be discussed in this section.
Followed by the validation of the design in the simulations, the response of the WC
sensor was measured using the fabricated prototype, aided by a handheld VNA5. In the first
section of this chapter, simulations were compared with “static” measurements of
homogenously mixed and separately phased oil and water mixtures at different WCs. A
static case corresponds to the non-moving state of oil/water mixtures inside the pipe. The
agreement of static simulations with the corresponding measurements proves the validity
and applicability of this low cost and pipe conformal T-resonator design as a WC sensor.
The second section of this chapter focuses on measuring the sensor’s response in the more
realistic scenario of “dynamic” oil/water mixtures passing through the pipes, painted on
which is the WC sensor. This section first discusses the construction of the basic flow loop,
which is necessary to emulate the flow conditions of oil/water mixtures, followed by the
measurements of the sensor in the dynamic case. The sensor’s dynamic responses were
compared regarding two positions of interest, i.e., vertical orientation and horizontal
orientation at different flow rates.
The behavior of a microwave T-resonator is characterized in terms of its S21
response. There are two parameters of interest in its S21 response, i.e., the fundamental
resonance frequency “f0” and the quality factor “Q.” As explained in the sub-section
“Design parameters,” increasing the εeff of the substrate (i.e., increasing the WC) causes
both λg and Z0-SS to decrease, which in turn decreases the resonant frequency. Moreover,

5

Keysight FieldFox N9923A (6GHz).
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increasing the εeff of the substrate (i.e., increasing the WC) causes the achievement of a
larger signal rejection at “f0,” as suggested by Table 4. The simulated and measured
response of the WC sensor (in the form of the pipe conformal T-resonator) confirms the
behavior expected from a standard T-resonator.

4.1.

Static case
A static case represents the scenario in which an oil/water mixture of different WCs

is kept at rest inside an acrylic pipe and the response of the sensor is measured using vector
network analyzer (VNA). The static response of the designed WC sensor has been
simulated and measured in two extreme cases, i.e., homogenously mixed oil/water
emulsions and separately phased oil and water. The following sub-sections explain these
two cases.

4.1.1. Homogenously mixed oil/water case
This case represents the WC sensing for one extreme state of oil and water present
inside the pipe. The pipe is assumed to be filled with different relative proportions of oil
and water (i.e., different WCs) in the form of homogenously-mixed stable emulsions,
which were made using the appropriate HLB valued surfactants and sonicated using a
probe sonicator. In order to simulate this case in HFSS, the dielectric properties of oil,
water and their emulsions were ascertained in the laboratory, as explained in the following
sub-section.
4.1.1.1.

Dielectric properties of oil/water emulsions

All the materials used in the building of the WC sensor have well-defined dielectric
properties [26].
The dielectric properties of water and widely-used oils are well known. However,
considerable discrepancies exist among different theoretical models for calculating the
dielectric properties of oil and water emulsions (as used in the first simulation strategy).
Some models, such as those by Lewin, Bottcher and Bruggeman, among others, exist but
they either assume no interaction or a partial interaction among the particles of the
dispersed phase [27]. Although such models converge at low WCs (below 10 %), high
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discrepancies exist at higher WCs because of the presence of interactive forces among the
particles of the dispersed phase. Some work exists on the measured dielectric properties of
O/W (oil in water)/W/O (water in oil) emulsions at low frequencies, i.e., 10 kHz – 3 MHz
[28]. Since mediums such as oil and water are highly dispersive in nature, low frequency
characteristics cannot be used at microwave frequencies.
In order to avoid all such ambiguities, the dielectric properties of oil, water and
homogenous emulsions of oil and water were measured using the SPEAG Dielectric
Assessment Kit (DAK-12). DAK-12 requires a stable and homogenous mixture to measure
its dielectric properties. Although water and oil are inherently immiscible, stable emulsions
can be created with the help of appropriate hydrophile-lipophile balance (HLB) valued
surfactants. For non-ionic surfactants, the HLB value varies between 0 – 20. A lower HLB
value corresponds to an increase in lipophilic behavior, while a higher value refers to an
increase in hydrophilic behavior. In order to achieve stable emulsions of different WCs
(different proportions of oil and water), five different HLB valued surfactants (Table 5)
were used, which were mixed in differing proportions to obtain certain HLB values
appropriate for particular WCs.
Table 5. List of surfactants used to make stable emulsions of oil/water and their HLB values

Surfactant

HLB Value

Span80

4.3

Span20

8.6

Tween85

11

Tween80

15

Tween20

~17

Since the stability of the emulsion is inversely proportionate to the particle size of the
dispersed phase in the continuous phase, the probe sonicator was used (Figure 23) to break
the dispersed phase into very small particles (in the range of a few microns).
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Figure 23. Hielsher ultrasonic processor being used to make oil/water emulsions mixed with a proper HLB valued surfactant

Microscopic images (Figure 24), revealed the difference between sonicated and handmixed emulsions. Due to the microscopic size of the dispersed phase, the sonicated
emulsions were found to be highly stable, which was required for accurate dielectric
measurements using a DAK-12 probe.

(a)
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(b)
Figure 24. Microscopic images showing the comparison of the state of the dispersed phase in the continuous phase
(a) with and (b) without sonication

DAK-12 is capable of measuring the liquid dielectric properties in the range of
10 MHz – 3 GHz. This instrument is based upon a coaxial TL, where one end is in contact
with the material under test (liquid, semi-liquid or solid). The complex reflection
coefficient (Γ) is measured by a vector network analyzer (VNA), to which the TL is
connected (Figure 25). The measured Γ at the dielectric interface corresponds to the
dielectric loss and the dielectric constant of the liquid under test.

Figure 25. SPEAG Dielectric Assessment Kit (DAK-12) setup connected to the VNA which measures the dielectric
properties of liquids (oil, water and emulsions)
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It is a well-studied fact that the stability of O/W emulsions (i.e., high WCs) largely
depends upon using an appropriate HLB surfactant. In contrast, W/O emulsions (i.e. low
WCs) require primary emulsifiers for micronizing dispersed particles, secondary
emulsifiers for protecting interfacial membranes, and lipojelling additives for preventing
particle aggregation [28]. In order to avoid the complexities involved in forming W/O
emulsions, stable emulsions were made from 90 % WC to 40 % WC which were sufficient
to show the trend in changes of the dielectric properties and the corresponding responses
of the WC sensor. The measured dielectric properties of vegetable oil, water and their
mixtures of different WCs are shown in Figure 26 (a) and (b).
It can be observed from Figure 26(a) that the dielectric constant changes almost
linearly with the WC, provided that the dispersed phase is broken into fine particles in the
continuous phase.

(a)
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(b)
Figure 26. (a) Measured dielectric loss tangent and (b) dielectric constant of oil, water and sonicated emulsions of
different WCs

Dielectric properties of water and sunflower oil, measured using DAK12, is
consistent with the values reported in literature [26] [29] [30]. As discussed before, the
dielectric properties of oil/water emulsions depends upon the particle size of dispersed
phase and there is not much literature available in this regard. The validity of measured
properties of oil/water emulsions was verified by good agreement between the measured
and simulated response of WC sensor which will be discussed in upcoming sections.
4.1.1.2.

Simulation and measurements of WC sensor with oil/water emulsions

The simulation model for this case assumed an acrylic pipe (with a painted WC
sensor) to be fully filled with an homogenous oil/water mixture of different WCs, for which
the measured dielectric properties are shown in the previous sub-section. As per
expectations, increasing the WC causes the f0 to decrease and the Q to increase, as shown
by the simulation results in Figure 27.
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Figure 27. Simulation response (S21) of the WC sensor when oil and water are homogenously mixed with WC 40 % 100 %

In order to measure the response of the WC sensor to the homogenously-mixed
emulsion of oil and water, emulsions were prepared to a volume of 600 mL using a
combination of appropriate surfactants, following the same procedure as explained in the
previous sub-section. An acrylic pipe, painted with a T-resonator, was filled with an
homogenous emulsion of oil and water of different WCs, and the S21 response of the Tresonator was measured in the frequency range of 50 MHz – 600 MHz using a handheld
VNA. Similar to the simulations, a decrease in the f0 was observed by increasing the WC,
as shown in Figure 28.

Figure 28. Measured response (S21) of the WC sensor with homogenous oil/water mixtures of WC 40 % - -100 %
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Unlike the simulations, the measured response showed a slight fluctuation in the
depicted trend of the quality factor. This was because the measurements were made using
emulsions of oil and water after sonication, which slightly heats the mixture. Since the
temperature was not precisely controlled, the emulsions were measured at slightly different
temperatures. Since temperature affects the dielectric loss, the measurements do not show
exactly the same trend as was observed in the simulations. The information for a single
unknown, i.e., the WC, can still be obtained from the f0, which is not affected to a great
degree by a slight temperature shift. In the presence of a more controlled measurement
environment or with a temperature feedback mechanism, the quality factor could provide
extra information about the mixture.
Through extracting the fundamental resonance frequency from the simulated and
measured S21 response of the WC sensor and plotting it against WC, the simulated and
measured characteristic curves were obtained for the case of the homogenously-mixed oil
and water (Figure 29).

Figure 29. Comparison of simulated vs measured characteristic curves of the WC sensor prototype with homogenously
mixed oil and water

The second order exponential curve fit was applied on the simulated and the
measured data points. The accuracy of the curved fit can be emphasized from the
observation that the sum of squared error (SSE6) for the simulated characteristic curve was

6

SSE corresponds to the squared sum of differences between the actual data points and the curve fit.
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only 0.08 MHz, and 0.1 MHz for the measured characteristic curve. This implies that the
second order exponential curve fit can be used with the utmost reliability to predict the
resonance frequency at intermediate WC points.
As evident from Figure 29, the measurements followed the same trend as that of
the simulation. The only difference between the two curves was a slight constant shift,
which is of little interest in these relative measurements. Since the characteristic curve
remained the same both in the simulation and the measurements, the characteristic response
of the WC sensor is predictable. Calibration can specify the correct reference point relative
to which the characteristic curve can most accurately relate the resonant frequency of the
T-resonator to an unknown WC. The slight constant shift observed in the simulation and
the measurements may have been due to the inclusion of some epoxies used in fabrication
or a difference in the dielectric properties of the acrylic pipe.

4.1.2. Separately phased oil/water case
4.1.2.1.

Simulation strategy for separate phases of oil/water

This type of simulation model, as shown in Figure 30, represents one extreme case
where oil and water are present in the pipe as separate phases. Since oil is lighter than
water, it floats on top of the water surface.

Figure 30. Cross-sectional view of oil and water as separate phases inside the pipe

Simple geometric manipulation can be used to extract the formula for the area of a
separate phase in terms of the vertical distance from the pipe bottom (eq. 4).
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𝑆𝑒𝑐𝑡𝑜𝑟𝑖𝑎𝑙 𝐴𝑟𝑒𝑎 = [

180° − 2𝛷
] ∗ 𝜋𝑅2
360°

(4)

In order to extract the area of the water phase, the oil triangle area (as given by eq.
5) must be subtracted from the sectorial area.
𝑇𝑟𝑖𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝐴𝑟𝑒𝑎 = 0.5 ∗ 𝑅2 ∗ sin(180° − 2𝛷)

(5)

Therefore, the area of the water phase (WP) can be obtained in terms of Φ by subtracting
eq. 5 from eq. 4.
𝑊𝑃 𝐴𝑟𝑒𝑎 = 𝑆𝑒𝑐𝑡𝑜𝑟𝑖𝑎𝑙 𝐴𝑟𝑒𝑎 − 𝑇𝑟𝑖𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝐴𝑟𝑒𝑎

(6)

Moreover, Φ can be defined in terms of the vertical distance from the pipe bottom “x,” as
follows:
𝑠𝑖𝑛𝛷 =

𝑅−𝑥
𝑅

(7)

Hence, the WP area can be written in terms of x using eqs. 6 and 7. Therefore,
different WCs (volumetric ratio of water with regard to the total volume) can be related to
the vertical distance from the pipe bottom, and the simulation model applies this geometric
manipulation in order to perform a parametric study of separately-phased oil and water
with regard to the WC.

This case represents the other extreme, in which oil and water are completely
separate, which well emulates the hold-up scenario in oil.
4.1.2.2.

Dielectric properties of oil and water

The simulations of this case also employed the measured dielectric properties of oil
and water, as shown in Figure 26.
4.1.2.3.

Simulations and measurements of WC sensor with separate phases

Simulations were performed with oil and water as separate phases, following the
simulation strategy as explained in sub-section “Simulation strategy for separate phases of
oil/water.” The simulation results for this case are shown in Figure 31.
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Figure 31. Simulation response (S21) of the WC sensor for the case of separately phased oil and water

As for the previous case, the simulated S21 response of the WC sensor for
separately-phased oil and water, as shown in Figure 31, depicts a decrease in the f0 and an
increase in the “Q” with increasing WC.
In order to emulate the simulation model with separate phases (Figure 30) in the
measurements, the acrylic pipe must be placed absolutely horizontally, be static and be free
of air bubbles. A tapered rubber plug (appearing as the greenish arc in Figure 32) was used
for air-tightening the pipe and for keeping it free of air bubbles. The acrylic pipe filled with
different fractions of oil and water (different WCs ranging from 0 % to 100 % with stepsize of 10 % WC) was placed on a stand made with an acrylic sheet in order to keep it
completely horizontal and static. The measurement setup is shown in Figure 32.
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Figure 32. Measurement Setup for separate phase WC sensing

Two port S-parameters for the full range of the WCs were measured using a
portable handheld VNA (Figure 33). In the measurements, the resonance frequency
decreased and the quality factor increased with increasing WC, as was seen in the
simulations.

Figure 33. Measured response (S21) of the WC sensor for the case of separately phased oil and water
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Extracting the fundamental resonance frequency and plotting it against the WC
gives us the characteristic curves, as shown in Figure 34, both for the simulation as well as
for the measurements.

Figure 34. Comparison of the measured response of the WC sensor (fabricated using Cu-tape and 3D-printed mask)
with that of simulations in the case of separate oil and water phases

As with the previous case, the measured characteristic curve is slightly up-shifted
compared to the simulated curve, which is of little interest in these types of relative
measurements. Calibration can specify the correct reference point, relative to which
characteristic curves can relate the resonant frequency of the T-resonator to an unknown
WC.
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4.2.

Dynamic case
In order to verify the applicability of the designed WC sensor under the scenario of

moving oil/water mixtures in the pipelines, a basic flow loop was constructed in the
IMPACT laboratory at KAUST. The response of the designed sensor was measured in the
horizontal as well as in the vertical orientations in the flow loop. The qualitative effect of
the mixture’s speed on the response of the sensor was also investigated.

4.2.1. Design of basic flow loop
The basic flow loop was designed in collaboration with EXPEC Advanced
Research Center (ARC), Saudi Aramco. The flow loop was intended to provide the
following basic capabilities:


Circulation of known fractions of oil/water mixture at variable speeds;



Provision of electrical and manual methods to change the flow rate;



Capability of easy adjustment of the WC;



Pressure mixing of oil/water;



Possibility of adding a third phase (i.e., air);



Provision of air outlet; and



Removable test sections in vertical and horizontal orientations.

Keeping in mind the above-mentioned capabilities, a design was finalized which contained
two parts:


Main circulation piping on a wooden 2D support (lies in zx plane as shown in Figure
35); and



An area behind the wooden support containing the motor, the variable frequency drive
and a tank (lies in xy plane as shown in Figure 36).

66

Figure 35. Main circulation piping on wooden support (front view)
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In the main circulation piping diagram, shown in Figure 35, the gray piping was
composed of PVC, while the white removable test sections were composed of acrylic.
Mixture entered the loop from entry point 2 and exited from point 1. Some distance was
needed after any sudden change in flow path (e.g., 90° bends) in order to achieve a mature
flow, which approximately represented the flow behavior in an actual scenario. The vertical
test section was at a height of approximately 3.0 m from the 90° bend, while the horizontal
test section was located approximately 1 ft. from the 90° bend. A reduced distance
clearance in the horizontal orientation was due to size constraints. Consequently, the
horizontal test section experienced a high degree of turbulence and mimicked stratified
wavy and plug/slug flow. The effect of such flow on the performance of the WC sensor
will be discussed in the following sections. As can be seen from Figure 35, test sections
were removable with the help of attached PVC flanges.
As the interest of this study was mixture flow in the test sections alone, the piping
following these sections (i.e., in the return path of the flow loop) was kept at a smaller
diameter to minimize the overall volume of the flow loop so that a lesser volume of oil and
water was required to perform the experiments. There are two ways in which the known
mixtures of oil/water could have been added into the loop:


Using the valve on top on the loop (depicted with a bowtie in Figure 35); and



Using the tank placed on the backside of the flow loop (block diagram of top
view of the backside of the flow loop in shown in Figure 36)

The entry and exit points (i.e., point 2 and point 1, respectively) of the main flow
loop piping (Figure 35), goes into the page and were connected with the back part of the
flow loop, which contained the following parts:


Acrylic tank (for keeping known amounts of oil/water to achieve different WCs);



Centrifugal pump for pumping the mixture into the flow loop;



Variable frequency drive (VFD) to achieve a variable speed from the synchronous
AC motor installed inside the pump; and



PVC piping to connect the backside of the flow loop with the front main flow
piping.
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A top view of the back section of the flow loop is shown in Figure 36.

Figure 36. Top view of the block diagram of the back section of the flow loop

The entry and exit points of the main circulation loop (Figure 35) were connected
with point 2 and point 1, respectively, of the block diagram of the back section of the flow
loop. The volume of the customized acrylic tank was twice that of the piping of the
complete flow loop. The removable lid of the tank simplified the tank filling procedure.
Although 50 % of the tank volume was required to fill the flow loop piping, 75 % of the
acrylic tank was filled with mixture in order for a continuous liquid supply to the
centrifugal pump. The VFD (not shown in the block diagram) is an electrical method which
was used to control the flow speed, while the purpose of the valve placed on pipe Y was to
manually control the speed. This valve provided a bypass path for the mixture to return to
the tank without going through entry point 2 of the flow loop. In this way, it could be used
to generate negative pressure and the speed could be reduced depending upon the valve
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position. In the presence of the VFD, this valve usually remains closed. The valve, other
than the one placed on pipe Y, was used to drain the tank and remained closed during
normal operation.
The oil/water mixture sucked up by the pump entered the flow loop from entry
point 2 and returned to the tank from exit point 1. The pressure return of the fluid into the
tank caused the mixing of oil and water and after several circulation cycles a homogenous
oil/water mixture began to flow in the flow loop, the speed of which was controllable using
the VFD and a valve.
With the help of the two block diagrams (Figure 35 and Figure 36), the flow loop
was constructed in the mechanical work shop (MWS) at KAUST. PVC-PVC connections
were made using PVC cement and PVC-acrylic connections were made using five-minute
epoxy. The entire structure was supported on an aluminum and wooden frame below which
the wheels were connected for easy transportation of the structure. The final constructed
flow loop is shown in Figure 37 and Figure 38.

Figure 37. Back part of FL
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Figure 38. Front view of main circulation piping of the flow loop
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4.2.2. Measurements of WC sensor for dynamic case
As highlighted earlier, the flow regimes are also different in the vertical and
horizontal sections of the flow loop. Therefore, the dynamic measurements have been
divided into the following categories:


The WC sensor’s response in a vertical orientation; and



The WC sensor’s response in a horizontal orientation.

The main reason affecting the flow pattern of an oil/water mixture is its viscosity,
which changes with WC. The viscosity of any material defines its resistance to flow and is
usually measured in the units of “mPas” or “cP.” These experiments made use of simple
vegetable corn flower oil and water. The typical viscosity of corn flower oil is 65 cP, while
room-temperature water (20°C) has a viscosity of 1 cP [31]. This difference can also be
experienced in our daily lives, where we find water to be less viscous than vegetable oil.
The viscosity of an oil/water mixture decreases with increasing WC due to the
increasing proportion of the less viscous phase. The performance of the centrifugal pump
(used for pumping the oil/water mixture) was affected in the presence of a higher viscosity
fluid, as is evident from the typical performance curves (for maximum head and efficiency;
Figure 39).

Figure 39. Effect of viscous fluid on the typical pump performance (Head7 and Efficiency) [32]

7

Head is a concept that relates the energy in an incompressible fluid to the height of an equivalent static
column of that fluid [46]
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As the head provided by the pump decreased with an increase in the viscosity of
the pumped fluid, this implied that the flow rate decreases with a decreasing WC (i.e.,
increasing viscosity).
In the range of 0 – 50 % WC, water was the dispersed phase in the continuous phase
of oil, while the opposite was true at a WC above 60 %. In the range of 50 – 60 % WC, a
transition between the continuous and the dispersed phase was experienced, where a
sudden change in viscosity (and hence of the flow rate) and color of the mixture was
observed. The mixture remained yellowish in color and quite sticky in the range of 0 –
50 % WC, while it became whitish in color and quite runny in the range of 60 – 100 %
WC.
4.2.2.1.

WC sensor’s response in vertical orientation

As evident from Figure 38, the vertical test section was at a height of 3.0 m from a
90° bend, which was a sufficient settling length for the fluid to mature. Since oil and water
were well-mixed inside the tank, the flow pattern in the vertical test section of the flow
loop appeared to be similar to the “dispersed phase” flow regime (Figure 40).

Figure 40. Dispersed flow regime in vertical pipe orientation

The vertical section of the flow loop remained entirely filled with an oil/water
mixture without being affected by the flow rate. Moreover, the viscosity of the mixture
(which changed with WC) also did not have any effect on the flow pattern. Therefore, the
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single contributor to defining the response of the WC sensor in a vertical orientation was
the changing dielectric constant of the oil/water mixture based upon the WC. The
transmission coefficient (S21) response of the WC sensor was measured using a handheld
VNA against the full range of the WC (0 – 100 %, with a step of 10 %) under three different
flow rates corresponding to 40, 50 and 60 Hz frequencies of VFD. The fundamental
resonance frequency was extracted from each measurement and plotted against the WC
(Figure 41).

Figure 41. Measured response of the WC sensor (vertical orientation) in the basic flow loop at different flow rates

The following important points are to be noted in the measured response of the WC
sensor in a vertical orientation:
1. The response of the WC sensor in a vertical orientation was not affected to any great
extent by the flow rate;
2. There was a sharp bend in the response curve in the range of 50 – 60 %, which was in
the transition region where the continuous and dispersed phases were interchanged
and a sudden change in many properties of the oil/water mixture was observed. In
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order to better characterize this sharp responding change, an increased number of data
points with a fine resolution may be required in this transition range;
3. One of the possible reasons for sharp transition in sensor’s response can also be the
measurement strategy used for dynamic testing. Complete set of readings were taken
in two distinct steps. In the first step, sensor was characterized for 100% water (i.e.
100% WC) and WC was changed gradually to 60% (in steps of 10%) by adding oil in
it. In the second step, acrylic tank was filled up with 100% oil (i.e. 0% WC) and the
response of the sensor was tested for it. In order to measure the response from 0% to
50% WC, water was gradually added into oil continuous mixture (in steps of 10%).
Any progressive error in these distinct steps will appear as a sharp discontinuity in the
region of 50-60%. So, this can also be a possible reason for anomalous behavior in the
region of 50-60% WC.
4. Under a vertical orientation, the response of the WC sensor was defined solely by the
dielectric constant of the mixture, which depended upon the particle size of the
dispersed phase in the continuous phase. Since the dispersed phase was divided into
fine particles due to the pressured mixing of the oil and water in the tank, this response
curve belonged to this particular flow loop only; and
5. The WC sensor depicted a high sensitivity at a low WC. A low sensitivity at a high
WC occurs due to the fact that change in the dielectric constant is linear with the WC
if the dispersed phase is present within the continuous phase as finely emulsified
particles. Since the frequency shift is proportional to the square root of εeff, the linear
change in the εr of the mixture appears as a non-linear frequency shift (sensitivity) in
the sensor.
4.2.2.2.

WC sensor’s response in a horizontal orientation

As evident from Figure 38, the horizontal test section was located quite near to a
90° bend. As a result, it was expected that a high degree of turbulence would be introduced
in the horizontal test section by the pressure drop caused by the bend. Since turbulence
strongly depends upon the viscosity and flow rate of the fluid, the flow pattern will be
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dependent upon the WC in addition to the frequency of the VFD (which controls the flow
rate).
The flow pattern in the horizontal test section resembled slug/plug flow regimes
(Figure 42).

Figure 42. Typical slug/plug flow regime in the horizontal pipe (G: gas, L: liquid)

Dean employed perturbation methods [33] [34] to study the flow in curved
channels, reporting that flow in the core of the pipe moves quickly and is forced outwards
from the center of curvature by centrifugal force. In contrast, fluid close to the walls is
pushed towards the inside because of the pressure difference caused by the difference in
the speed of the streamlines. A cross-sectional view downstream of a bend is shown in
Figure 43.

Figure 43. Secondary flow patterns in the pipe cross section downstream of a bend [35]

Figure 44 shows a snapshot of the actual horizontal test section of the flow loop, in
which a 90° bend has affected the flow pattern. The figure shows the case of a 70 % WC
mixture flowing at the full flow rate.
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Figure 44. Flow pattern in a horizontal test section of a flow loop

As evident from the representative flow pattern in Figure 42 and the actual flow
pattern shown in Figure 44, air has become part of the medium of the pipe. Since air has εr
of unity, it will affect the εeff sensed by the T-resonator. Moreover, the air fraction in the
test section does not remain constant over time; therefore, the sensor’s response will
fluctuate as the medium sandwiched between the conductors of T-resonator changes.
In order to solve the problem of the fluctuation of a sensor’s response, the
periodicity property of the flow pattern was exploited. It was observed that the flow pattern
was a periodic function of time (i.e., the pattern repeated itself) if the flow conditions were
unaltered. One RF measurement required approximately 0.3 sec using a handheld VNA;
therefore, 10-, 50- and 100-point averaging was used to calculate the average air
contribution to the response. The in-built averaging function of the VNA was utilized for
this purpose, which applied window averaging to the final “n” number of readings.

77

Similar to the vertical case, the horizontal test section was also characterized for
different flow rates. The transmission coefficient (S21) response of the WC sensor was
measured using a handheld VNA on the full range of WCs (0 – 100 % with a step of 10 %)
under three different flow rates, corresponding to 40, 50 and 60 Hz frequencies of VFD.
The fundamental resonance frequency was extracted from each measurement and was
plotted against the WC (Figure 45).

Figure 45. Measured response of the WC sensor (horizontal orientation) in a basic flow loop at different flow rates

Although the WC sensor in a horizontal orientation responded in a predictive way,
it differed slightly from the vertical orientation. The following points are to be noted in the
measured responses of the sensor in the horizontal orientation:
1. The response of the WC sensor in a horizontal orientation is dependent upon the
flow at high WCs. This occurs as at high WCs, fluid is less viscous and slight
variations in the frequency of the VFD appear as significant changes in the flow
pattern, which affects the response. However, at low WCs, the mixture is quite
viscous and sticky; because of this, it is not greatly affected by slight changes in the
frequency of the VFD;
2. Other than a slight upwards curve of the characteristic curve at high WCs, the
response in a horizontal orientation was similar to that in a vertical orientation; and
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3. Lower sensitivity of the sensor at a high WCs is due to the linear dependency of the
dielectric constant on the WC, as explained in detail in the measurement section of
the vertical orientation.
4.2.2.3.

Comparison of vertical and horizontal responses

This sub-section focuses on a comparison of the responses of the sensor in the
vertical and the horizontal orientations at different flow rates. As explained earlier, the
vertical test section remained completed filled with an oil/water mixture alone, while air
became part of the medium for the case of the horizontal test section, especially at high
WCs. As a result, the εeff experienced by the sensor in the horizontal section was lower
compared to that in the vertical case. Since “f0” is inversely proportional to εeff, one can
expect an increase in the horizontal response compared to that in the vertical orientation at
a high WC.
The comparison of the response of the WC sensor in the horizontal and vertical
orientations at flow rates corresponding to 60 Hz (maximum), 50 Hz (medium) and 40 Hz
(minimum) of the VFD are shown in Figure 46, Figure 47 and Figure 48.
As can be seen from these figures, the difference in responses was negligible at low
WCs, and the discrepancy which existed at high WCs decreased as the flow rate decreased.
The RMS difference was the quantitative measure of the difference of the responses at a
given flow rate.
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Figure 46. Comparison of the vertical and horizontal responses at flow rates corresponding to 60 Hz of the VFD
(maximum flow rate)

Figure 47. Comparison of the vertical and horizontal responses at flow rates corresponding to 50 Hz of the VFD (medium
flow rate)
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Figure 48. Comparison of the vertical and horizontal responses at flow rates corresponding to 40 Hz of the VFD
(minimum flow rate)

The reason for the separation of the vertical and horizontal responses lies in the
turbulence of the flow in the horizontal section, as explained earlier. Increments in flow
rate and high WCs both caused the Reynolds number8 of the mixture to increase. The
Reynolds number of any flow is given by eq. 8.

𝑅𝑒 =

𝜌𝑣𝐷
𝜇

(8)

In this case, the characteristic length “D” remained the same, indicating that the
flow pattern depended only upon the density “𝜌,” the velocity “v” and the viscosity “μ” of
the mixture. A high Reynolds number corresponds to a high degree of turbulence. Air is
introduced into the horizontal test section because of the 90° bend, and its fraction is
increased with an increase in turbulence, which occurs due to the following two parameters,
as suggested by eq. 8:

8

The Reynolds number is a dimensionless ratio of inertial to viscous forces of the flow which describes
whether the flow conditions lead to laminar or turbulent flow.
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1. Increasing the speed of the mixture  increases the value of Re (or turbulence);
and
2. Increasing the WC  𝜌 increases and μ decreases  Re (or turbulence) increases.

This is the very reason that a maximum separation of the responses was observed
(Figure 46, Figure 47 and Figure 48) at high flow rates and high WCs, both of which, due
to high turbulence, introduced a larger air fraction into the horizontal test section.

4.3.

Summary
The measured results, in agreement with the simulations, validates the proposed

innovative T-resonator design to be used as a WC sensor. The sensor showed extremely
reliable and repeatable results even with the use of low cost fabrication methods using a
3D-printed mask. Low cost realization of the sensor was made possible due to its pipe
conformal simple design. The WC sensors based upon this design are expected to show a
long operational life due to their completely non-intrusive behavior. In order to test this
design in a harsh field environment, the dielectric material may need to be replaced with
one which can withstand high temperatures and pressures.
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5. Conclusion and future steps
This research provided solutions to most of the problems in WC sensing by
proposing and implementing an innovative non-intrusive and low cost WC sensor which
covers the full range of operations (0 % – 100 % WC). To the best of the author’s
knowledge, this planar microwave resonator was used successfully for the first time for
such an application. Good agreement between the simulation and measurement responses
of the pipe conformal microwave T-resonator validates the use of this design as a WC
sensor.
Initial testing of the WC sensor in flowing conditions gave promising results, which
could be merged with the results of a distributed network of such sensors in the future in
order to provide further robust data which is minimally affected by the flow regime and
the process parameters. The measured dynamic response of the WC sensor is the
characteristic of the basic flow loop built at KAUST, because it provides flow conditions
which are not truly representative of the actual oil field environment. In order to obtain a
characteristic response of whether this WC sensor is applicable for actual field testing, the
sensor must be characterized in flow loops of higher sophistication.
Moreover, as with other WC sensors, microwave resonators are also known to be
affected by process parameters such as temperature and salinity. The effect of these
parameters on the dielectric constant of the oil/water mixture is well studied and can easily
be applied to WC measurements as a correction factor.
In-line MPFM also integrates WC sensors with a method of measuring a gas
fraction. Microwave technology is inherently capable of measuring a gas phase
simultaneously with a liquid phase, due to the difference in the loss of air from that of the
liquid phases (oil and water). The quality factor “Q” of the microwave resonator is
dependent upon the loss (and also upon other parameters) of the substrates; therefore, it is
possible that future research may exploit this property of microwave measurement in order
to extract the gas fraction.
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6. APPENDICES
Material Properties of 30% gas filled PEEK (ultra-high strength dielectric material) [36]
Table 6. Material properties of high strength dielectric material (PEEK)

Property

Units

Value

Dielectric Strength

V/mil

482

Flexural Strength

Mpa

233

Maximum Service

°C

249

Melting Point

°C

334

Thermal conductivity

W/m-k

0.2

UL Flammability

-

V-0

Water absorption

%/24hr.

0.11

Temperature

