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ABSTRACT 
 

Additively Manufactured Conformal Microwave Sensors for Applications 

in Oil Industry 

 
 Depleting oil reserves and fluctuating oil prices have necessitated to increase the 

efficiency of oil production process. This thesis is focused on developing low-cost sensors, 

which can increase oil production efficiency through real-time monitoring of oil wells and help 

in safe transport of oil products from the wells to the refineries. 
Produced fluid from an oil well is a complex mixture of oil, water and gases, which 

needs to be quantified for various strategic and operational decisions. For many years, test 

separators have been used to separate oil, water and gases into three separate streams and then 

to analyse them individually. However, test separators are being replaced by multiphase flow 

meters (MPFM) which can analyse the complex mixture of oil, water and gas without 

separating it. However, existing MPFMs are either intrusive or require fluid mixing before the 

sensing stage. In contrast to existing techniques, first part of this thesis presents a microwave 

sensor, which can measure water fraction in oil in a non-intrusive way without requiring it to 

be mixed. Gas fraction sensing can also be performed using the same microwave sensor, which 

is an on-going work. The sensor operates on dielectric measurement principles and comprises 

a microstrip T-resonator that has been optimized for a 3D pipe surface. Certain locations on an 

oil field have limited available space, for which we have also presented a compact version of 

the microwave water-fraction sensor in this thesis. In this version, metallic housing of the 

sensor has been used to function as a ground plane for the coaxially located spiral resonator. 

This housing also protects the sensor from environmental effects. 

In addition to the efficient production of oil, its safe transport is also a concern for the 

industry. It is physically impossible to inspect a network of thousands of kilometres of pipelines 

manually. The existing leak detectors suffer from low sensitivity, high false alarms and 

dependence on environmental effects. In the last part of this thesis, we present a flexible ring-

resonator based leak detector, which can be clamped at vulnerable locations along the pipeline 

for early leak detection. 
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Chapter 1.  Introduction 

1.0. Dissertation Summary 
Modern industries are adapting smart ways of monitoring their processes to ensure 

smooth operations. Sensors capable of early detection of a problem are becoming the norm in 

industrial processes.  This is key to the development of the “Internet of Things” (IoT), in which 

billions of interconnected devices will work together to make smart decisions. Sensors that can 

detect and communicate the process information are essential ingredients of any IoT-enabled 

network. Since billions of such sensor nodes will be required in the future, low cost will be an 

important feature for these devices. Consistent with the above-mentioned trends, the oil 

industry is also adapting smart monitoring and actuation mechanisms for its day-to-day 

operations.  This thesis is focused on developing low-cost sensors, which can increase oil 

production efficiency through real-time monitoring of oil wells and also help in safe transport 

of oil products from the wells to the refineries. 

Water is typically present underground in the vicinity of oil reservoirs. Water and steam 

are also pumped into wells to enhance the oil recovery rate.  Water from these sources mixes 

with the oil, which complicates the oil recovery process. This unwanted water must be 

quantified accurately if it is to be handled and processed properly. The amount of water 

produced from a particular oil well also determines whether it is economically viable to 

continue to extract oil from that well. Moreover, an abrupt increase in the amount of water 

represents a malfunction of the well formation underground, which may lead to failure of the 

well. For the above-mentioned reasons, it is important for oil producers to be able to quantify 

the exact amount of water produced from a particular well in real time. Sensors that can 

measure the water fraction in oil are known as water-cut (WC) sensors, and they play a 

significant role in efficient and safe recovery of oil from a particular site. Typically, these 

sensors are placed outside an oil well to make placement, access and data recovery easier. 

Non-intrusive WC sensors are preferred because intrusive sensors can cause 

undesirable pressure drops and also suffer from wear and tear effects that limit their service 

life. Moreover, a single sensor capable of sensing the full range of the water fraction (0–100%) 

is desired because the water fraction varies at different production sites at different times. 

Unfortunately, the WC sensors available at present are either intrusive, cannot cover the full 

WC range or require bulky flow conditioners before the sensing stage.  

Microwave-based sensors can typically cover the full water-fraction range (0–100%), 

which is why they have a major market share of over 50%. However, existing microwave-

based WC sensors are intrusive in nature. In this thesis, we demonstrate a pipe-conformable, 

non-intrusive microwave sensor that can cover the complete WC range independent of the pipe 

orientation. The sensor operates on dielectric measurement principles and comprises a 

microstrip T-resonator that has been optimized for a pipe surface. Orientation insensitivity has 

been achieved by utilizing two mutually orthogonal spiral-shaped modified T-resonators. The 

sensor has been realized through additive manufacturing techniques (a combination of 3D and 

screen printing), making it ultra-low-cost and lightweight. Testing of the sensor has been 

conducted in the global research centre of Aramco in Houston, USA and in an industrial flow 

loop located in Bergen, Norway. The measured results are accurate to within 1–2% and have a 

resolution of 0.1%. Successful lab validation of the design has led to the development of an 

industrial prototype, which has now obtained hazardous area safety certification and is ready 

to be tested in the field. 

Oil wells are typically drilled vertically, and the WC can be measured once the fluid 

mixture rises to the surface. Therefore, there is no need to place WC meters in the challenging 

downhole environment. However, modern wells have horizontal branches, which originate 
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from the main vertical well in order to maximise underground area. It is possible that water 

may find its way to one of these horizontal branches, which would increase the overall WC of 

fluid produced by that well. In this scenario, the WC meter placed at the top cannot identify 

the problem location downhole; the only thing the WC meter on the top can inform the operator 

about is the sudden increase in the WC. At present, production from such a well is stopped to 

allow manual identification of the problematic branch using robotic platforms. The ideal 

solution would be a dedicated WC meter for every downhole branch. However, the downhole 

environment is quite challenging due to high temperature, high pressure and limited available 

space. Moreover, any WC meter installed downhole must be very robust because it cannot be 

serviced after installation. 

Saudi Aramco is developing a new retrievable downhole system, which allows 

downhole equipment to be serviced every 3–5 years. Compatible with that system, this thesis 

proposes a compact version of the WC sensor for the downhole environment. In the downhole 

version, metallic housing has been used to function as a ground plane for the coaxially located 

spiral resonator. This housing also protects the sensor from environmental effects.  

In addition to the efficient production of oil, its safe transport is also a concern for the 

industry. This is because oil leaks can be a major health and safety risk not only for humans 

but also for marine life. It is physically impossible to inspect a network of thousands of 

kilometres of pipelines manually. For this reason, the industry is moving towards finding 

automated solutions for reporting leaks. However, existing leakage detectors suffer from low 

sensitivity, high false positive rates and dependence on environmental effects. In this thesis, 

we propose to use microwave technology to overcome the above-mentioned challenges, 

particularly for pipe joints, which are vulnerable to leakage due to wear and tear effects. The 

leakage sensor has been designed to conform to the shape of the pipe joint. The unique design 

allows our leak detector to clamp on top of the existing pipe infrastructure. The sensor is 

extremely sensitive and can detect even minute leaks of less than 0.5 mL. By incorporating 

these smart pipe joints, leaks and their locations can be reported to the concerned authorities in 

an immediate and automated fashion.  

1.1. Motivation 
Sensors play an integral role in industrial automation, which is key to enhanced 

efficiency. Most of these sensors currently operate in an isolated fashion, but their full potential 

can be realized by connecting them together through wired or wireless networks. Billions of 

such sensors are expected to become part of human life with the emerging concept of the 

internet of things (IoT). Humans are surrounded by an increasing number of smart objects such 

as e-cards, home assistants and driverless cars, to name a few. These objects are designed to 

have slim bodies to make them look appealing, which is not possible without conformal, thin-

layer sensors. Similarly, the acquisition of the vast amounts of data required to make smart 

decisions will require deploying these sensors in the billions, which will only be possible if 

they can be realized in a low-cost fashion. Due to the recent slump in oil prices, the oil industry 

is also trying to enhance its efficiency by maximizing the oil recovery rate and minimizing 

transport losses. Thus, new technologies to increase production efficiency are now being well 

received by the industry. Consistent with the industry’s needs and the latest advancements in 

manufacturing techniques, this thesis focuses on designing conformal and thin-layer-based 

sensors for the oil industry that can be realized using low-cost additive manufacturing 

processes. 

Diminishing oil resources have motivated producers to enhance oil recovery by 

pumping water or steam into reservoirs to increase the mobility of the fluids as well as the 

downhole pressure. A typical production scenario is shown in Figure 1, where pumped water, 

in addition to the water present in the vicinity of the oil reservoir, gets mixed with the oil and 
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is produced as a by-product. According to an estimate, 3 gallons of water is produced on 

average for each gallon of oil produced. According to an estimate 40 billion USD are spent 

annually to handle the unwanted water [1]. The amount of water produced from an oil well 

gradually increases over time. However, an abrupt increase in water level can be indicative of 

water breaking through to the production well and must be treated on urgent basis by blocking 

the source of water. If the water level from an oil well exceeds a certain limit, it may no longer 

be economically viable to keep producing oil from that well. Therefore, important strategic 

decisions rely on the ability to determine the exact amount of water being produced from the 

well. 

 

  

 
Figure 1. Injected water/steam to enhance oil recovery rate and water aquifers in the vicinity of the oil well led to production 

of water during oil extraction. 

Traditionally, oil wells have been drilled vertically, as shown in Figure 1, and the WC 

can be measured once the fluid mixture reaches the surface. At the surface, test separators are 

commonly used to monitor the production fluid by separating it into streams of oil, water and 

gas, as shown in Figure 2. However, these separators are bulky, require a great deal of 

maintenance, and have high operating costs. Also, because they cannot be installed on each 

wellhead, their limited availability causes delays during well monitoring. The use of bulky 

separators is decreasing. Although many oil wells are still using the test separators, the industry 

is moving towards compact, lightweight and relatively low-cost solutions that can characterize 

the fluids coming out of the well in real time. 
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Figure 2. Typical test separator, which relies on measuring the production fluid by separating it into oil, water and gas 

streams. 

Multiphase flow meters (MPFMs) provide an alternative to test separators. An MPFM 

is a complex piece of equipment that has two main components. The first is the phase fraction 

component, which measures the oil, water and gas fractions in the complex multiphase mixture. 

The second component of an MPFM measures the flow rates of oil, water and gases. This is 

illustrated in Figure 3. 

 

 
Figure 3. Functional breakdown of multiphase flow meter (MPFM). 

Multiphase flow meters entered the market more than a decade ago. They have the distinct 

advantage of measuring the individual flow rates of all the three phases (oil, water, gas) without 

requiring them to be separated. They have enabled the real-time measurement of multiphase 

flows, which allows field operators to optimize oil production more efficiently than before.  

1.1.1. Motivation for non-intrusive and full-range WC sensing 
 Some field operators are still reluctant to replace test separators with MPFMs because 

the technology is not yet fully developed and extensive research is still going on in this field. 

Some of the major barriers to adoption of multiphase metering technology are its impact on the 

production process and its limited capabilities. Unlike test separators, MPFMs continuously 

monitor the production fluids, so their effect on the fluids is more important. The WC sensor 

is an integral part of an MPFM, as can be seen from Figure 3. Like any other sensing 

technology, it is desirable for the sensing element to have the minimum possible impact on the 
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medium to be sensed. Unfortunately, existing techniques that measure the phase fractions (or 

WC) are either intrusive or cannot cover the full WC sensing range (i.e., from 0% to 100%). 

Microwave technology offers a way to measure the full WC range (0–100%), as it can 

measure both the dielectric constant and the dielectric loss in a single measurement. However, 

all existing microwave WC sensors are intrusive in nature. The goal of this work is to use 

microwave technology to develop a non-intrusive WC sensor. The proposed design has been 

realized through low-cost additive manufacturing techniques i.e. 3D and screen printing. The 

design is conformal to the pipe surface. It must be noted that more than 99% of WC meters are 

installed outside the wells (on the top surface) due to the challenges involved in downhole 

installations. The first version of the WC meter shown in this thesis is suitable for deployment 

on the surface. 

1.1.2. Motivation for downhole WC sensing 
As stated above, oil wells have traditionally been drilled vertically, which did not 

require WC sensing in the downhole environment. However, the modern oil industry drills 

multilateral wells, which have multiple branches originating from the main well, as shown in 

Figure 4. Having multiple branches increases the field coverage and helps in maximizing 

production from unreachable areas. Production from these branches is mixed together and the 

sent to the surface from the main central well. If water finds its way to any of the branches, it 

will be mixed with the main production line, and the overall WC of the well will increase. 

Surface-top WC meters will indicate a sudden increase in overall WC, but the location of the 

water problem downhole cannot be determined. In this scenario, inspection tools are inserted 

in the oil wells to locate the source of water, and the problem-causing branch is abandoned by 

closing it permanently. However, finding the water source is not an easy task and can take 

many days to complete. During this time, production must be stopped and the company may 

incur large financial losses, especially for fields with high production capacity. For this reason, 

monitoring of the individual branches has become much more important compared with simple 

monitoring of the single vertical well. However, measurement of the individual branches is 

very complicated due to the extremely challenging downhole environment. It demands 

compact, power-efficient and robust sensing equipment. Downhole WC sensors need to have 

long service lives because they are usually permanently installed during the well completion 

process and cannot be retrieved at a later stage. Any choking or malfunctioning of the downhole 

equipment can halt production, and it may be quite expensive—or sometimes impossible—to 

recover hydrocarbons from that location again. Saudi Aramco is developing a retrievable 

downhole system that allows the servicing of downhole equipment every 3 to 5 years. 

Compatible with the customized system of Saudi Aramco, we have designed a compact WC 

sensor that is suitable for deployment in the downhole environment. 
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Figure 4. An example of multi-branch oil well having a main line attached with multiple branches [2]. 

1.1.3. Motivation for pipe joint leak detector 
In addition to the efficient production of oil, its safe transport is also a concern for the 

industry. This is because pipeline leaks are low-probability but high-impact events, which can 

disrupt the energy supply and affect millions of people. The oil industry has pipelines 

measuring thousands of kilometres long that require manual inspections. There is a possibility 

that a leak may occur between inspections and create a disastrous situation. Only few of the 

pipelines are inspected with advanced techniques, which have their own drawbacks such as 

low sensitivity, a high false alarm rate and process-parameter dependencies. There is a need 

for modern leak detector designs that can offer high sensitivity and accuracy and can report 

leaks at an early stage in an automated fashion. In this thesis, we have proposed a leakage 

sensor design for pipe joints that can completely conform to the pipe joint and can detect minute 

leaks. 

1.2. Objectives 
This thesis focuses on finding solutions for the above-mentioned problems, namely, 

reliable non-intrusive WC measurements and early detection of pipe leaks. This section 

summarizes our objectives in conducting this research.    

1.2.1. Objectives for a new WC sensor 
The limitations of existing WC sensors motivated us to conduct this research. Driven 

by the needs of the oil industry, this research work focuses on finding ways to overcome some 

of the limitations of today’s WC sensors. We have identified some of the key features that 

require improvements relative to existing WC sensors. 

1.2.1.1. Non-intrusiveness 
Any intrusion to the flow of the fluid mixture can cause an undesirable pressure drop, 

which in turn increases the cost of production because more power is then required to pump 

the oil at the same flow rate. Moreover, any sensor that intrudes on the fluid path suffers from 

wear and tear effects and has a shorter operational life. There are some existing non-intrusive 

capacitance-based WC sensors, but they cannot cover the full operating range of 0% to 100%. 

Our primary objective in this thesis is to design a new WC sensor that is non-intrusive and 

covers the full WC range. 
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1.2.1.2. Mixer-free operation 
Theoretically, it is much simpler to characterize the fluid when it is a homogenous 

mixture of oil and water. In order to homogenize the oil/water mixture, mixers are usually used. 

Any preconditioning requirements, such as fluid mixing, increase the overall size of the sensing 

system, which can sometimes be undesirable. Moreover, these mixers also cause an undesirable 

pressure drop, which must be avoided in an ideal WC sensor. Our objective in this thesis is to 

design a WC sensor that can sense the WC value accurately irrespective of the mixing condition 

of the fluid. 

1.2.1.3. Low cost and light weight 
As mentioned earlier, the downhole environment is quite challenging and there exist 

very few downhole WC sensors at present. However, recent proliferation of multilateral oil 

wells has increased the demand for downhole WC sensing nodes, which need to be installed in 

all branches of the well. With an anticipated need for large numbers of WC sensing units, it is 

desirable to realize them with low-cost fabrication methods and lightweight materials.   

1.2.2. Objectives of a new leak sensor 
 Several techniques including geological surveys, fibre optics, acoustics, pressure drop 

analysis and mass imbalance are used to detect leaks. Existing techniques have their own 

drawbacks such as low sensitivity, a high false alarm rate and process-parameter dependencies. 

In this thesis, we propose a new leakage detector for pipe joints that aims to overcome the 

above-mentioned challenges.  

1.3. Challenges 
The following challenges must be addressed to achieve the objectives mentioned in the 

previous section.  

1.3.1. Challenges in designing a new WC sensor 
As mentioned earlier, microwave technology has been chosen for this work, as it offers 

a unique way to measure the dielectric properties of fluids. However, there are certain 

challenges associated with using microwave technology to build a WC sensor.  

1.3.1.1. Non-intrusiveness 
It is highly desirable to minimize, or preferably eliminate, the physical interaction of 

fluid with the sensor. Doing so can enhance the operational life of the meter. However, sensing 

from a distance is always a challenging task. To the best of the author’s knowledge, there exists 

no completely non-intrusive microwave-based WC meter. Non-intrusiveness is possible only 

if the sensing element can conform to the pipe surface and can guide the EM waves inside the 

pipe. Existing microwave sensors utilize 3D structures such as coaxial or cavity resonators, 

which cannot conform to the external surface of the pipe and hence physically interact with the 

fluid. Our major challenge is to come up with an innovative microwave design that can be 

wrapped around any pipe surface. Another important consideration is that the sensor should be 

able to concentrate the EM fields inside the cross section of the pipe in a uniform fashion.  

1.3.1.2. Impedance matching 
All microwave sensors are based on detecting the dielectric properties of the mixture 

of oil and water. On the one hand, it is desired that EM fields of the microwave sensor interact 

with the varying dielectric properties of the fluid mixture. On the other hand, feeding structures, 

which are required to inject the microwave signal into the sensor, must be completely isolated 

from the fluid. Otherwise, impedance mismatch can occur, which can result in inefficiency of 

the sensor. The challenge here is to design a microwave structure such that its sensing element 

can interact with the fluid while the nearby feedline is completely isolated from it. 
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1.3.1.3. Salinity effects 
As mentioned earlier, microwave sensors are based on measuring the dielectric 

properties of the fluid. However, the salinity of the water affects the dielectric properties of the 

overall fluid mixture [3]. For this reason, the salinity effect must be carefully calibrated out. 

The salinity level can also vary over time, which may upset the calibration of the WC meter.  

1.3.1.4. Harsh operating conditions 
The sensor is intended to operate in extremely high pressures and temperatures, ranging 

up to 1000 psi and 125⁰ C respectively. In the downhole environment, pressure and temperature 

can be even higher. In addition, WC sensor design must be compact enough to fit into the 

limited space available downhole.  

1.3.1.5. Readout circuitry 
Generally, band-pass based microwave resonators (e.g. ring/cavity resonators) are used 

for sensing purposes. It is very common to interface these sensors with oscillator-based readout 

circuitry. However, in this work, we have used a modified T-resonator-based (band-stop) 

microwave sensor for WC measurements. Compared to the band-pass resonator, it is more 

challenging to satisfy the amplitude and phase conditions (especially over large bandwidth) 

while designing an oscillator using a band-stop resonator. 

1.3.2. Challenges in designing a new leak detector 
Pipe joints are generally vulnerable to leaks, so that is the target area for us in this work. A 

microwave sensor design that can be conformal to the pipe joint is required. One challenge is 

that the EM fields need to be restricted to the potential leakage area so that they do not fringe 

to the nearby metallic objects. 

1.4. Contributions 

1.4.1. Non-intrusive and orientation-insensitive water-fraction sensor 
A field-ready prototype of a microwave-based pipe conformal water-fraction sensor 

has been designed and developed using low-cost additive manufacturing techniques. It has 

been designed such that water-fraction measurement is not dependent on geometric distribution 

of water and oil inside the pipe. The result is a sensor that does not require a flow mixer to 

sense the volumetric fractions of oil, water and possibly gas.  Required lab testing and industry-

standard flow loop tests have been performed in the presence of varying flow rates, salinity 

levels, WCs and gas volume fractions (GVF). A readout electronics box and interfacing 

software have been developed for automated operation of the sensor. The complete system has 

been certified by an International Electrotechnical Commission (IEC) for operation in 

hazardous areas (Class 1, Zone 1). The microwave sensor has also been integrated with a 

Venturi tube to make an integrated 2-phase flow meter1. 

1.4.2. Microwave-based compact water-fraction sensor for downhole operation 
In light of the harsh downhole conditions, a new type of WC sensor has been designed 

that is suitable for installation in the limited space available in the downhole environment. The 

metallic casing around the sensor has been utilized as its ground plane, which also protects the 

sensor from external environmental effects. Considering the downhole space limitations, we 

have also designed oscillator-based compact readout circuitry for the WC sensor, which has 

four times the bandwidth compared to the similar work reported earlier.  

                                                 
1 2-phase flow meter is the one that can measure the phase fraction as well as the flow rate of oil and water phase. 
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1.4.3. Microwave-based pipe-joint leak detector 
A new idea for a pipe-joint conformable leak detector is presented in this thesis. Due to 

the conformability of the design, the sensor does not intrude on the fluid flow under normal 

conditions. In the event of any leakage from the pipe joint, the sensor reports the incident with 

ultra-high sensitivity of better than 0.5 mL. The sensor has been realized using an additive 

manufacturing process, namely inkjet printing, which makes it low-cost and lightweight. It is 

therefore possible to deploy these sensors over large networks of pipelines, which are currently 

monitored manually. 

The work has been published in peer-reviewed journals and presented at conferences. 

Some aspects of the system have been protected through patents. These publications have been 

listed below. 

1.4.4. Journals 
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1. MA Karimi, M. Arsalan, A Shamim (2016). Low cost and pipe conformable microwave-

based water-cut sensor. IEEE Sensors Journal, vol. 16, no. 21, pp.7636-7645. 

2. MA Karimi, M. Arsalan, A Shamim (2017). Dynamic characterization of a low cost 

microwave water-cut sensor in a flow loop. Sensors and Actuators A: Physical, vol. 260, 

pp. 146-152. 

3. MA Karimi, M. Arsalan, A Shamim (2017). Design and dynamic characterization of an 

orientation insensitive microwave water-cut sensor. IEEE Transactions on Microwave 

Theory and Techniques, vol. 66, no. 1, pp. 530-539. 

4. MA Karimi, M. Arsalan, A Shamim (2019). Multi-Channel, Microwave-Based, Compact 

Printed Sensor for Simultaneous and Independent Level Measurement of Eight Liquids. 

IEEE Sensors Journal, vol. 19, no. 14, pp. 5611 – 5620 
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using conformable microwave resonators printed on extended venturi throat. IEEE Sensors 

Journal, Under preparation 

1.4.4.2. Collaborative Work-Journal Papers 
6. MA Karimi, Q. Zhang, Y. Kuo, SF Shaikh, A. Kaidarova, N. Geraldi, M. Hussain, J. 

Kosel, C. Duarte, A. Shamim (2019). Flexible tag design for semi-continuous wireless data 

acquisition from marine animals. Flexible and Printed Electronics, vol. 4, no. 3. 

7. H. Liao, Q. Zhang, MA Karimi, Y. Kuo, N. Mishra and A. Shamim (2019). An Additively 

Manufactured 3D Antenna-in-Package with Quasi-Isotropic Radiation for Marine Animals 

Monitoring System. IEEE Antennas and Wireless Propagation Letters, Early Access. 

8. MF Farooqui, MA Karimi, KN Salama, A Shamim (2017). 3D‐Printed Disposable 

Wireless Sensors with Integrated Microelectronics for Large Area Environmental 

Monitoring. Advanced Materials Technologies, 1700051. 

9. Altynay Kaidarova, MA Khan, S Amara, NR Geraldi, MA Karimi, A Shamim, RP Wilson, 

CM Duarte, J. Kosel (2018). Tunable, Flexible Composite Magnets for Marine Monitoring 

Applications. Advanced Engineering Materials, 1800229. 

10. Joanna M Nassar, MD Cordero, AT Kutbee, MA Karimi, GAT Sevilla, AM Hussain, A 

Shamim, MM Hussain (2016). Paper skin multisensory platform for simultaneous 

environmental monitoring. Advanced Materials Technologies, 1600004. 

1.4.5. Conferences Proceedings 
1. MA Karimi, M. Arsalan, & A. Shamim (2016). A low cost and pipe conformable 

microwave-based water-cut sensor. 2016 IEEE MTT-S International Microwave 

Symposium (IMS). San Francisco, CA, USA. [Best Paper Award, IMS 2016] 
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1.5. Organization 
The chapter-wise organization of the thesis is outlined below. 

1.5.1. Chapter 2: Background and literature review 
The literature review presented in this chapter has been divided into two parts. The first 

part focuses on existing techniques for WC sensing, while the second part presents the state of 

the art in regards to leak detectors. This chapter covers not only the latest research coming out 

of research labs but also the latest commercial products adopted by the industry. 

1.5.2. Chapter 3: Non-intrusive and orientation-insensitive water-cut sensor 
This chapter covers the detailed design of our microwave-based, low-cost, pipe 

conformal water-fraction sensor. We will discuss the design details and considerations, which 

were taken into account to make this sensor non-intrusive as well as independent of the 

geometric distribution (orientation) of oil and water inside the pipe. Simulations as well as 

measurement results will be presented. 

1.5.3. Chapter 4: Industrial version of water-cut sensor 
The design presented in the previous chapter was made robust by translating it to a 

high-pressure and high-temperature (HPHT) tolerant material system. In this design, an 

extended throat venturi was also integrated with a microwave sensor in order to obtain flow 

rate measurements in addition to WC measurements. A readout electronics box design and 

interfacing software architecture will be briefly discussed; these were required for automated 

operation of the sensor. Design considerations will also be discussed in order to obtain the 

hazardous area (class 1, zone 1) safe certifications needed for field operation of the device. 

1.5.4. Chapter 5: Compact water-cut sensor suitable for downhole operation 
A new, compact microwave WC sensor design suitable for downhole installation will 

be presented in this chapter. We will discuss the size constraints and the design methodology 

adopted to realize this design. In addition, we will discuss a slight modification to this compact 

design that is capable of incorporating an array of printed sensors (instead of a single spiral 

sensor), thus enhancing its capabilities. 

1.5.5. Chapter 6: Microwave-based pipe-joint leak detector 
This chapter presents the futuristic idea of a “smart pipe joint” which would help in 

safe transport of oil through kilometre-long pipelines. The chapter describes the use of inkjet 

printing and computer numerical control (CNC) milling processes to realize a pipe-joint 

conformal smart leak detector. We will compare simulations with the measured results. 

1.5.6. Conclusion and future work 
The last chapter of the thesis concludes the work and recommends future directions for 

research. For example, more investigation is required to measure the gas volume fraction. 

There is a need to develop robust algorithms to calibrate out the effects of temperature and 

salinity from microwave measurements. Moreover, new ways of measuring the flow rates of 

the fluid mixture need to be investigated so that we may develop a full-range MPFM in the 

future. More work needs to be done to reliably measure the quality factor in addition to 

measuring the resonant frequency of the resonator using discrete electronics. The concept of 

printed sensors can also be extended in the oil industry by printing thin and conformal layers 

on various tools such as drill bits. Smart drilling systems of the future may have embedded 
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layers of microwave sensors, which will help drill bits to manoeuvre automatically based on 

knowledge of their surroundings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



26 

 

Chapter 2.  Background and Literature Review 
 

The importance of efficient production of oil and its safe transport to refineries has been 

highlighted in the first chapter of this thesis. This chapter summarizes the state-of-the-art work 

done in academia and industry in these domains. In the first part of the literature review, we 

will go over the existing WC sensing technologies and their drawbacks. While the second part 

of this chapter will summarize the challenges associated with the existing leakage sensing 

technologies. 

2.1. Water-cut sensor literature review 
 This section divides WC sensing techniques into two major categories, namely 

dielectric and non-dielectric-based sensing techniques. The majority of the WC sensors 

available on the market are based on dielectric measurements; however, other kinds of sensors 

also exist [4]. 

2.1.1. Non-dielectric-based WC sensors 
According to a market research report published by Flow Research Inc. in April 2017, 

non-dielectric-based WC meters (mainly the near-infrared type) constitute 14.2% of market 

share. The remaining 85.8% of the market is distributed between dielectric measurement 

techniques such as capacitance and microwave measurements [4]. It must be noted here that 

the market survey report published by Flow Research divides the WC sensor market share 

between three technologies: infrared (IR), capacitance and microwave. All of these techniques 

can be used for measuring the phase fraction (or WC) only. 

However, it is worth mentioning here that there exist other technologies, such as the 

Coriolis effect and magnetic resonance, that can also be used for WC measurements. These 

techniques are also capable of measuring the flow rate of the mixture in addition to measuring 

the WC. For this reason, these techniques are not part of the market survey report dedicated to 

WC meters only. For the sake of completeness, this chapter includes all techniques that can at 

least measure the value of the WC. We will first discuss various non-dielectric measurement 

techniques. 

2.1.1.1. Near-infrared wave absorption 
It is possible to measure the water content in crude oil by passing near-IR rays through 

a mixture of water and oil and observing the absorption, diffraction and reflection of the IR 

wave.  

 
Figure 5. Near-IR spectroscopy curve depicting differences in the near-IR absorption properties of water and oil [5]. 
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Figure 5 shows that water absorbs more energy from waves with longer wavelengths, 

in contrast to oils, which absorb more energy from waves with shorter wavelengths. This 

difference in the absorption properties of oil and water is exploited in IR spectroscopy-based 

WC sensors. Typically, 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. 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 a costly material such as sapphire (Figure 6). In addition, 

IR-based sensors are designed in the form of an intrusive probe with a tiny sensing window. 

This is because the IR waves cannot travel longer distances and consequently, non-intrusive 

WC sensing is almost impossible with this technique. Due to the intrusive design of IR sensors, 

they are prone to wear and tear. 

One distinctive advantage of IR-based water-fraction sensing is that IR waves are not 

affected by salinity. On the other hand, conductance- and microwave-based WC sensors require 

salinity calibration for accurate operation. This is the reason that IR-based water-fraction 

meters are very successful in environments with high or varying salinity.   

 
Figure 6. Near-IR spectroscopy-based WC sensor [5]. 

Different companies, such as Weatherford, are currently manufacturing WC meters 

(e.g., Red Eye 2G) based upon this principle. Patents from Weatherford also describes the use 

of the Redeye WC meter as part of a bigger subsea MPFM [6]. 

2.1.1.2. Coriolis effect 
As the molecules of water and oil (hydrocarbons) consist of different elements, they 

have different densities. Distilled water has a density of ≈ 1000 kg/m3 while the density of 

crude oil varies in the range from 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 Coriolis effect makes possible a mechanical method of measuring the water content 

in oil. In this method, a pipe is usually bent into a U-shape through which the fluid mixture 

passes. An exciter is used to mechanically vibrate the tube, and nearby vibrational sensors can 

sense the oscillation frequency (Figure 7), which is inversely proportion to the density of the 

liquid inside the tube. If the fluid has more oil in it, its average density will be small, which 

will result in a higher oscillation frequency. On the other hand, as the water content increases 
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in the fluid mixture, the overall density of the mixture increases, resulting in a lower frequency 

of oscillation. Different water fractions in oil cause the tube to oscillate with specific 

frequencies based on the average density of the mixture. 

 

 
Figure 7. Coriolis WC sensor showing the exciter to oscillate the tube and the vibration sensors that measure the vibration 

characteristics [7]. 

As mentioned earlier, one of the advantages of using Coriolis-based WC meters is that 

they can also measure the mass flow rate of the mixture using the same measurement principle 

by looking at the oscillation amplitude. Different manufacturers, such as Endress+Hauser, 

currently employ this principle to measure the flow rate and WC of the production fluid. 

There are some drawbacks to Coriolis meters. These meters work very well to estimate 

the flow rates of liquid-only or gas-only fluids. However, they are known to give false flow 

rates when liquids and gases are mixed together. For this reason, it is quite challenging to 

expand the use of this technology to gas measurements. Another drawback associated with the 

Coriolis flow meters is that they become too heavy for pipe sizes larger than 4 inches [8]. 

Because of this, their cost, weight and size are concerns when monitoring the WC and flow 

rates in larger pipelines. Pressure drop can also be a consideration for U-shaped Coriolis 

meters, especially if the fluid mixture has relatively high density.  

2.1.1.3. Magnetic resonance 
Magnetic resonance of oil, water and gases can also be exploited to find their individual 

flow rates. Hydrogen atoms attached to water, oil and gas molecules can be magnetized and 

later excited by radio frequency (RF) waves. The response of hydrogen atoms is recorded in 

terms of echoes returned. The amplitude and rate of decay of these echoes are used to calculate 

the individual flow rates of oil, water and gases. Krohne is the leading manufacturer of 

magnetic MPFMs [9]. One benefit of M-PHASE 5000 is that it has a non-intrusive design and 

can be used for measuring flow rates for all phases of the mixture, in addition to measuring the 

WC value. 

However, these meters are quite bulky and heavy; this can be seen by looking at the 

Krohne model M-PHASE 5000, shown in Figure 8. The M-PHASE 5000 has significant 

diameter and length even for a small pipe size. For moderate pipe sizes, this type of meter can 

weigh as much as 700 kg. This is because the magnetic properties of the multiphase mixtures 

are very weak, and very strong magnetization is therefore required for its operation. The strong 

electromagnets required make the product heavy and power-hungry.  
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Figure 8. Krohne M-PHASE 5000 multiphase flow meter (MPFM) with an integrated WC meter inside. 

2.1.1.4. Gamma ray absorption 
Denser materials, such as water, absorb a larger amount of gamma rays compared to 

materials with lower density, such as crude oil. Therefore, materials with different densities 

can be distinguished based on their gamma ray absorption coefficients. In such meters, 

collimated gamma rays from a source at one end of a pipe are detected by a receiver at the 

other end. The absorption of gamma rays as they pass along a line is an indication of the 

averaged mixture density along that line (chord) [10]. Since water and oil differ in their 

densities, gamma ray absorption is indicative of the WC. 

WC can be measured using many methods, but the gamma ray absorption principle is 

especially useful for the accurate measurement of the third phase in the multiphase mixture, 

gas. If we have two unknowns, phase fraction of water and phase fraction of gas, we need two 

independent set of measurements. The unique thing about the gamma energy absorbed by any 

material is that the absorption depends not only on the material density but also on the absolute 

energy that passes through it. Hence, dual energy gamma rays can give two independent 

absorption responses, from which the relative percentages of the water and gas mixed with the 

oil can be calculated. 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 9. Any point inside the blue triangle represents a 

possible combination of the phase fractions of oil, water and gas.  

Many MPFMs, such as those made by CSIRO, Schlumberger VX, Framo, Haimo, ICC 

Mixmeter and Daniel MEGRA, use the dual energy gamma-ray absorption technique [11] [12]. 

The most significant drawback of gamma ray absorption-based WC sensors is that they use a 

radioactive source of energy, which is hazardous to human health. Therefore, special care must 

be taken when handling such sensors. 
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Figure 9. 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 [11]. 

2.1.2. Dielectric-based WC sensors 
This section will describe various methods that rely on detecting the dielectric 

properties of the fluid mixture. As per the market survey report discussed in Section 2.1.1, the 

majority of commercial WC meters rely on measurements of the dielectric properties of the 

fluid mixture.  

Dielectric properties of a dielectric medium are represented by its permittivity (ε) which 

is a complex quantity. The real part of ε, denoted as ε′, is also called the dielectric constant, 

which is a material's ability to store an electric field (E-field) in the polarization of the medium. 

Capacitance-type WC meters measure the value of ε′ of the fluid mixture. If a material is 

polarized in response to an alternating E-field, its molecules absorb some of the incoming 

energy, which is considered as the dielectric loss of the medium.  This loss is related to the 

imaginary part of ε, denoted as εr
″. Dielectric loss and dissipation by dipole moments are also 

linked with the electrical conductivity of the dielectrics, and sometimes the conductivity part 

is the dominant cause of loss in the medium. WC sensors, which measure the loss in the 

medium, can be referred to as conductance-type WC meters. This will be discussed in detail in 

the sub-sections below. 

Microwave technology is capable of measuring both the real and imaginary parts of ε 

in one set of measurements. Because of this, microwave technology has the largest share 

(55.4%) of the world market for WC sensors. State-of-the-art microwave-based WC sensors 

will be discussed at the end of this chapter [4]. 

2.1.2.1. Electrical capacitance 
Capacitance-based water-fraction meters are common in the oil industry and make use 

of the real part of the permittivity, ε′, of the fluid mixture, also known as its dielectric constant 

(k). The dielectric constant of a medium can be defined as the ratio of the capability of a 

capacitor to store charge with that medium as the dielectric to the charge stored when 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 10), which is 

responsible for the storage of the electric potential in that particular medium. Polarization of 

any dielectric medium depends upon the non-symmetry of its molecules. 
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Figure 10. Polarization of a dielectric medium placed inside the electric field. 

In water molecules, the oxygen atoms have a higher electron affinity than the hydrogen 

atoms, due to the non-symmetric molecular structure of water. Therefore, the electron cloud is 

attracted more towards the oxygen atoms than to the hydrogen atoms. This causes the water 

molecules to be polarized when an external E-field is applied, resulting in a larger k value of 

water (usually in the range of 78 to 80). In contrast to water, crude oil is composed of hydrogen 

and carbon atoms and has a relatively symmetrical structure. Therefore, there is a lower 

tendency for polarization when an external E-field is applied, which results in a relatively low 

k value of crude oil (usually in the range of 2.2–2.6). A higher concentration of water in crude 

oil (or higher value of WC) results in a higher value of effective dielectric constant of the 

mixture. By measuring the capacitance of the production fluid, the measured k value of the 

mixture can be related to its WC value. Figure 11 represents a particular case published by 

Roxar, which shows the change in k value of the fluid mixture as a function of WC (percentage 

water in oil).  

 
Figure 11. Change in relative permittivity of oil/water mixture at different WCs [13]. 



32 

 

Two types of configurations can be used for capacitive WC sensors, depending upon 

whether the pipe material is conductive or non-conductive: 

 

1. Coaxial capacitor-based WC sensor (for metallic pipes); and 

2. Pipe conformal electrode-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 used to calculate the WC. The typical configuration of coaxial cylindrical 

capacitor-based WC sensors is shown in Figure 12.  

 
Figure 12. Typical coaxial electrode-based capacitive WC sensor configuration. 

Capacitive WC sensing can also be performed by wrapping the capacitor electrodes 

around the outer circumference of a dielectric pipe. This configuration (Figure 13) has been 

widely studied because it offers a non-intrusive means of detecting the WC. 

 

 
Figure 13. Possible configurations of pipe conformal capacitive sensors for WC measurements. (a) One pair of semi-

cylindrical strips; (b) two pairs of semi-cylindrical strips, (c) three pairs of semi-cylindrical strips, (d) two ring electrodes, 

and (e) double helix electrodes [14]. 

Capacitance is usually measured at an excitation frequency greater than zero and the 

molecules of the dielectric medium tend to absorb some part of the energy when exposed to 

alternating E-fields. The amount of loss is dependent on the frequency and is linked with the 
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physical phenomenon happening inside the medium. The blue curve in Figure 14 shows the 

dependence of dielectric loss (ε″) of a generic medium on the excitation frequency of the 

electric field.  

 
Figure 14. A dielectric permittivity spectrum over a wide range of frequencies. ε′ and ε″ denote the real and the imaginary 

parts of the permittivity, respectively. Various processes are labelled on the image: ionic and dipolar relaxation, and atomic 

and electronic [15]. 

As is evident from Figure 14, the excitation frequency used for measuring capacitance 

plays a significant role in measuring the effective permittivity (εeff) of the mixture using 

capacitive WC sensors. At low excitation frequencies (in the range of kHz), dielectric loss is 

quite significant, and it becomes even more prominent for inherently lossy dielectrics. Water 

produced from oil wells is very saline and contributes to significant dielectric loss of the overall 

mixture. This is why WC measurements at low excitation frequencies [16] [17] [18] are known 

to suffer from the short-circuit effect between the electrodes of the capacitor in the presence of 

a water-dominant mixture (i.e., in the case of a high WC value, also known as a water-

continuous3 phase). Therefore, the capacitive WC sensing method does not produce reliable 

measurements for WC values above 40%. It has been shown [19] that the sensitivity of 

capacitive sensors can be increased if an excitation frequency > 1 MHz is used. This can also 

be validated from Figure 14, which shows that the dielectric loss decreases when the excitation 

frequency increases in the MHz range. The low dielectric loss minimizes the shorting effect 

between the electrodes of the capacitor. Because of this finding, [19], [20], [21] and [22] use 

higher excitation frequencies to increase the measurement range of the capacitive WC sensor. 

Even by using higher excitation frequencies, capacitive sensing cannot achieve the full (0–

100%) WC sensing range.  

Due to the simplicity of coaxial capacitive configuration, it has been widely used to 

measure WC in the oil-continuous4 region. 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 configurations have also become 

attractive, as they are able to non-intrusively detect the WC. Patents from many companies 

                                                 
3 “Water continuous” means water is dominantly present in the mixture and oil particles are dispersed inside big bubbles of water that forms 

the continuous layer  
4 “Oil continuous” means oil is dominantly present in the mixture and water particles are dispersed inside big bubbles of oil that forms the 

continuous layer 
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such as Flowsys [23] and Abbon [24] have described their MPFMs as using capacitance 

electrodes to measure the phase fraction in the oil-continuous region. 

 

2.1.2.2. Electrical conductance 
As mentioned in the introductory part of this section, fluid mixtures generally become 

conductive (or lossy) in the water-continuous region (i.e., WC values ranging from 50 to 

100%). In this region, the conductance value can be related to the water fraction. It must be 

noted that this principle works in the water-continuous region only and does not remain valid 

in the oil-continuous region, where the fluid largely behaves as a dielectric. This type of WC 

sensor has recently been tested in the field as well as in the flow loop of the Daqing Logging 

and Testing Services Company, China. 

Many commercial MPFM companies, such as Abbon [24] and Boeing [25], combine 

capacitance with conductance to cover the full WC range. A capacitance-sensing mechanism 

is used in the oil-continuous region, and conductance is monitored in the water-continuous 

region to measure the phase fractions. 

2.1.2.3. Microwave-based WC sensors 
As mentioned in the previous sections, capacitive measurements are suitable for 

measuring WC in the oil-continuous region (WC range ~ 0–50%), while conductance 

measurements cover the water-continuous region (WC range ~ 50–100%). Neither of these 

techniques is capable of covering the full WC range (0–100%). Microwave frequencies, on the 

other hand, offer a way to measure the real and imaginary parts of the permittivity of the 

mixture in a combined fashion, hence covering the full range of operation. This is because a 

certain range of microwave frequencies (ranging from high MHz to low GHz) experience low 

dielectric loss compared to rest of permittivity spectrum as shown in Figure 14. 

Microwave sensors can broadly be divided into two categories, namely, microwave 

antennas and microwave resonators. Both of these categories are discussed in detail below. 

 

a) Microwave antennas 
Microwave antennas are employed to image the production fluid to determine its WC 

value. With an array of multiple antennas, a dielectric image of the cross section of the fluid 

mixture can be captured at any particular point in time. Microwave imaging using antennas has 

a higher resolution than low-frequency capacitive, resistive or inductive imaging [26]. Such a 

system is depicted in Figure 15, in which the “Object” represents the production fluid. 

 
Figure 15. Schematic diagram of the microwave antenna array-based imaging system [26]. 
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Electromagnetic (EM) waves are transmitted at different angles and thereby create an 

image of the flow inside the pipe by comparing the received signal with a uniform permittivity 

background at the receiving part [27]. Although the tomographic system gives much more 

information about the multiphase flow by visually depicting its geometric distribution inside 

the pipe, this information can only be retrieved using ultra-fast readout circuitry, which makes 

this system quite complex and expensive. 

Another way to use the antenna system is to find the overall dielectric properties of the 

fluid mixture in a test section instead of imaging it at high resolution. In this scenario, a single 

antenna can be used to transmit the RF signal, which is received at the other end after passing 

through the fluid mixture. The speed of the RF signal slows down in proportion to the moisture 

content in the mixture, also known as the WC. Time of flight of the signal gives the real part 

of the permittivity of the mixture, while the signal loss during propagation can be correlated 

with the dielectric loss of the fluid mixture. However, the drawback of this technique is that 

the signal must propagate across the pipe diameter, and the fluid mixture can deteriorate the 

signal quality from one end to the other. This is especially true for larger pipes (greater than 4–

6 inches in diameter) or if the water has a salinity level exceeding a permissible limit. For this 

reason, such a system is restricted to smaller pipe sizes, especially in high-salinity conditions. 

 

b) Microwave resonators 
A microwave resonator is, in general terms, a structure that confines EM energy either 

inside a block of dielectric material, inside a section of a metallic waveguide enclosure, or 

between the open or shorted ends of a piece of planar transmission line. At microwave 

frequencies, an electric signal can be made to resonate if appropriate boundary conditions are 

provided. For example, a cavity resonator makes the microwave signal bounce back and forth 

from the metallic walls, which are considered as total reflective surfaces at microwave 

frequencies. Depending on the physical dimensions of the cavity, the microwave signal of a 

particular frequency (wavelength) is superimposed on the signals reflecting off the metallic 

walls. Thus, a standing wave of a particular frequency is sustained inside the cavity; this is 

known as its resonance frequency. 

With a proper microwave resonator design, EM fields can be distributed in the area of 

interest, and the corresponding resonance response can be used to determine the effective 

dielectric properties of the fluid mixture. Below, we describe the underlying sensing principle 

of microwave resonators. 

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

speed and dissipation 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., with high εr) hinder the changing of the polarity of the E-

field, causing a reduction in the speed of the microwave, as given by Eq. 1: 
 𝑣 =

𝑐

√𝜀
𝑒𝑓𝑓5

. 
(1) 

The microwave resonance phenomenon is based upon the superposition of two 

oppositely travelling waves, which causes the standing wave pattern to appear at a particular 

frequency depending on the speed of the microwaves. Hence, the resonance frequency of the 

microwave resonator is linked to the real part of the electric permittivity (ε′) of the substrate. 

As explained earlier, oil and water have different ε′ values; therefore, the εeff
′ of an oil/water 

mixture depends upon the value of the WC. The resonant frequency of the microwave resonator 

therefore corresponds to the WC of an oil/water mixture. This will be elaborated upon further 

in the upcoming sections.  

                                                 
5 εeff depends upon relative percentage of field lines passing through a substrate of relative permittivity of εr and through air. This parameter 

depends upon the substrate’s εr and the mode of propagation. 
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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 a resonating structure in the form of a coaxial waveguide, 

which is either open or closed (shorted) from one end, and which resonates when the electrical 

length of the resonator becomes equal to 
λ

4
 𝑜𝑟 

λ

2
, respectively. The electrical length of the 

resonator is a function of the ε of the mixture; therefore, the same physical length can appear 

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 the conductor (mechanically 

supported by a dielectric), coaxially placed in the middle of the pipe, acts as the centre 

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 electric permittivity (ε) of the mixture inside the 

pipe. In this way, the resonant frequency is a representation of the WC. One of the drawbacks 

of WC sensors based on this configuration (Figure 16) is that they intrude into the flow of the 

mixture passing through the pipeline. Different manufacturers, such as Phase Dynamics, are 

currently using this technology to measure WCs. 

 

 
Figure 16. A representative coaxial waveguide configuration capable of being used as a microwave resonator-based WC 

sensor [48]. 

A cavity resonator is another type of microwave resonator that 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 [28]. 

A representative configuration of a cavity resonator is shown in Figure 17. The 

dielectric sleeve allows RF energy to be inserted into and removed from the cavity and prevents 

the oil/water mixture from coming into contact with the coupling loops. A simple perturbation 



37 

 

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 [29]. 

 
Figure 17. A representative configuration of a cavity resonator having two coupling loops for exciting the cavity and receiving 

resonant RF energy [29]. 

Drawbacks in existing microwave resonance-based WC sensors 
To summarize, some of the examples of existing microwave resonator-based WC 

sensors include quasi cavity resonators [30] (“quasi” in the sense that such cavity resonators 

have open or partially open ends), cylindrical fin resonators (CFR) [31] [29], or terminated 

coaxial lines [32]. All of these sensors are non-planar and intrusive in nature; therefore, the 

objective of this thesis is to design a non-intrusive WC sensor utilizing microwave resonator 

technology. 

2.2. Leakage monitoring literature review 
Various methods have been in use in oil and water distribution networks all over the 

world to detect accidental or planned (theft) leaks. The choice of a particular leak detection 

technology is driven by the application scenario. State-of-the-art technologies being used for 

leak detection can be sub-divided into two categories, namely non-continuous and continuous 

leakage monitoring. 
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Figure 18. Two main categories of leakage monitoring. 

2.2.1. Non-continuous leakage monitoring 
As the name indicates, the non-continuous leakage monitoring category includes those 

techniques which are used to monitor the potential leakage points in the pipelines in a non-

continuous manner. From this, we can infer that majority of these methods, if not all, are not 

real time, and thus significant damage may occur before the leak location can be found. 

Existing non-continuous leakage monitoring techniques have been listed in Figure 18. 

In order to cover large areas, especially in remote location, helicopters or drones are 

used to visually inspect for any leakage in the pipelines. These flying objects are mounted with 

visual and IR cameras, which are only suitable to detect a leak if it is significant in size. 

Another method to monitor the health condition of the pipelines is to pig them. Pigging 

is the practice of using devices known as pigs or scrapers to perform various maintenance 

operations. The pig is inserted into the pipe and is then forced through it by the product flow. 

Its main purpose is to remove debris from inside the pipeline, but smart pigs are also mounted 

with magnetic and ultrasonic sensors to detect a leakage point. With the magnetic flux leakage 

method, a strong permanent magnet is used to magnetize the pipeline. Any changes to the wall 

of the pipe, such as corrosion or leakage, change the magnetic flux lines, which are then 

recorded by sensing probes attached to the pig. The pig may also transmit ultrasonic pulses 

into the pipeline wall and receive their reflected signals. The signals are reflected by both the 

inner and outer pipe walls and are based on the running speed of the pig; thus, the thickness of 

the pipe wall can be derived. If no signal is reflected back, it is an indicator that leakage has 

happened at that point. A pig is shown inside a section of cutaway pipe in Figure 19. It can be 

seen from the figure that pigs are very intrusive and cannot provide data in real time. Therefore, 

continuous monitoring cannot be achieved by integrating sensors into the pigs. 

 



39 

 

 
Figure 19. A pig on display in a section of cutaway pipe, from the Alaska Pipeline. 

2.2.2. Continuous leakage monitoring 
As the name indicates, this section will give details about leakage monitoring systems 

that work in real time. 

In one technique, the temperature profile is recorded along the pipeline using a fiber-

optic line, and any temperature abnormality is an indication of a potential leak [33]. One 

example of such systems is shown in Figure 20. However, this method is impractical to use on 

pipelines that are thousands of kilometres long. High cost is also a barrier to the broad 

acceptance of this method. 

 

 
Figure 20. Detection of potential leak points along the pipeline using fiber-optic cable. 

A relatively common method of leak detection is to sense the vibration or sound wave 

emanating from the leak location [34] [35]. As illustrated in Figure 21, acoustic detectors (S1 

and S2) are mounted at certain distance along the pipeline. Any leakage will originate an 

acoustic signal, which will be picked up by the nearby acoustic detectors at different times 

depending on their distance from the leak location. By computing the time difference between 

the signals received by the two detectors, the location of the leak can be determined. However, 

this method of leak detection is highly dependent on process parameters such as pipe diameter, 

material, medium and noise from the pump and traffic nearby [36].  
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Figure 21. Leak detection using acoustic signals. 

Several software-based leak detection techniques have also been investigated in which 

data from existing field instruments such as pressure, temperature and flow sensors are 

analysed to look for pressure/temperature changes or mass imbalances between two locations 

to predict leaks. However, these techniques are only valid and reliable if the leakage is as 

significant as 5–6% of the total flow rate [37]. 

All existing continuous leak detection systems (LDSs) have one thing in common: they 

rely for their measurements on an indirect parameter instead of the leaked medium itself. This 

is the reason that such LDSs suffer from high false alarm rates, making most of them practically 

infeasible. 

Microwaves offer various methods of detecting changes in material properties and have 

been in practice for many years [38]. Electromagnetic waves are being used for leakage 

detection in geological surveys to detect the change in soil properties caused by the leaking 

fluid [39]. However, the problem with such surveys are that these are not real-time LDSs. 

Instead, the leak stays undiscovered until the survey is performed.  

From interviews with field operators, we discovered that pipe joints are quite prone to 

leaks. Therefore, this thesis aims to design a new type of microwave leak detection system 

which can detect even a minute leak of a few mL in a reliable and automated way.  
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Chapter 3.  Non-intrusive and orientation insensitive water-cut sensor 
 

Non-intrusiveness of a water-cut (WC) sensor ensures its reliability and longer service 

life. In this chapter, the design of a non-intrusive microwave based water-cut (WC) sensor is 

presented. Design considerations to make the sensor pipe conformable are discussed in this 

chapter. A new design based on dual-spiral resonator is shown that ensures that the dielectric 

measurements of the fluid mixture can be obtained independent of its geometric distribution 

inside the pipe. 3D masking combined with the screen printing process has been used to realize 

the lab prototype of WC sensor in a repeatable and low-cost fashion. Extensive 

characterization, followed by the blind-test in unknown WC conditions, is also presented to 

evaluate the accuracy of the WC sensor in horizontal and vertical orientations. 

3.1. Operating principle of microwave resonator 
As explained in the previous chapter, a resonator (in combination with an active device 

and suitable feedback mechanism) causes one frequency to oscillate with a larger amplitude. 

Microwave resonance happens at a frequency where both the electrical and magnetic energy 

become equal and this particular frequency is known as the “resonance frequency (f0)”.  f0 can 

be controlled by the physical dimensions of the resonator. It must also be noted that the speed 

of the microwaves passing through the resonator can make its physical length to appear 

different for different mediums. For example, in the presence of high WC, ε′ value of the fluid 

mixture increases which, according to eq. (1), decreases the speed of the microwaves. Once the 

speed of the microwaves decrease, a particular length of the resonator appears larger to the 

microwaves and consequently f0 of the resonator decreases. This way, we can correlate f0 of 

the microwave resonator with the real part of permittivity (ε′) of the fluid mixture or the WC 

value. 

In order to achieve resonance condition, appropriate boundary conditions must be 

provided to the microwave resonator. This boundary condition can either be an open or short 

termination, which is placed after a fixed length of microwave transmission line (TL). The 

open/short termination causes microwaves to reflect and superpose to form a standing wave at 

f0. Various kinds of TLs, such as coaxial, microstrip or CPW lines, can be used for the 

resonator. Coaxial lines have been in use to build WC sensors but they have a big disadvantage 

that they intrude the fluid flow, which is undesirable. That is why we considered microstrip 

and CPW TLs to build our microwave resonator because they are planar structures and can 

possibly be wrapped around the pipe surface. As can be seen from Figure 22 that microstrip 

mode is more sensitive to the substrate properties because its EM fields penetrate well inside 

the substrate. On the other hand, EM fields of the CPW mode penetrates to a certain limit, 

based on the gap between signal and ground conductors. Amongst these two choices, 

microstrip mode was preferred over CPW mode due to its relatively deeper penetration and 

enhanced sensitivity for substrate properties measurements. While choosing the resonator type, 

we considered T-resonator and ring-resonator, both of which have planar structures. However, 

T-resonator structure has been chosen due to its ease of implementation [40]. 

 A T-resonator (shown in Figure 23) consists of a feedline (FL), which is used to inject 

microwave signal from one end and to receive the signal from the other end. In the middle of 

this FL, there is an open circuited shunt stub with an electrical length of λ/4. “λ” represents the 

wavelength of the microwaves inside the substrate at which the T-resonator is printed. As the 

signal is injected from port 1 of the T-resonator, it travels along the FL and enters the shunt 

stub. Signal travels on the shunt stub and is then reflected from the open end because it has a 

reflection coefficient (Γ) equals to 1. Two way travel of along a λ/4 path results into a phase 

difference of λ/2, which means out of phase or 180⁰ [41]. It must be noted that 180⁰ phase is 
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achieved at a particular frequency, which is known as f0 of the resonator. Due to 180⁰ phase 

difference, destructive interference happens between the injected and reflected signals which 

cancels out the signal at f0. Due to this, the transmission coefficient (S21) response of the T-

resonator is characterized by dips at the f0 similar to a notch filter. The physical length as well 

as the speed of the microwaves inside the substrate determines the absolute value of f0. For a 

fixed length shunt stub, f0 is affected by the speed of the microwaves, which in turn depends 

on the dielectric properties (ε′) of the substrate. This way f0 of a T-resonator can be used to 

extract the dielectric properties (ε′) of the substrate. If the fluid in the pipe can become the 

substrate medium, f0 will represent the ε′ of the fluid mixture, which actually represents the 

WC [42]. 

 
Figure 22. Comparison of E and H field lines passing through substrate and air during microstrip line and CPW modes [43] 

 
Figure 23. A basic T-resonator on a flat substrate at the resonant frequency [43] 
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3.2. Design of planar WC sensor printed on the pipe surface  
In order to use this planar resonator to measure the dielectric properties of the fluid, the 

T-resonator (shown in Figure 23) can be wrapped on the pipe surface, as shown in Figure 24. 

However, this may not work properly because of two problems: 

1) Signal and ground conductors of the microstrip feedline are quite far from each other. 

Thus, feeding microwave signal to the resonator is quite challenging. 

2) Feedline is exposed to changing dielectric properties of the mixture that is passing 

through the pipe. This will affect its characteristics impedance (Z0) and thus impedance 

matching will be disturbed [44]. 

 

 
Figure 24. Implementation of the T-resonator on a pipe surface (a) left-side view, (b) top view and (c) right-side view [43] 

In order to resolve the above mentioned challenges, a modified scheme for the 

microstrip feed line is required. Figure 25 demonstrates this modified scheme. Here, the 

feedline has a modified ground in the form of a ring, just beneath the feedline. This ring extends 

from the top and connects to the bottom ground conductor. It is separated from the feedline by 

a 3D printed “dielectric separator” as shown by the white color in Figure 25. With this 

arrangement, the feedline of the T-resonator is separated from the effects of the liquid inside 

the pipe and thus it is easy to maintain a 50Ω-matched feedline. This is essential to inject the 

microwave signal to the resonator without reflections. Another advantage of this ring-shaped 

ground plane is that the signal can be fed with a standard connector. This is because the ring-

ground and feedline are close enough for a connector mounting, which was not feasible with 

the previous arrangement.  

 
Figure 25. Proposed implementation of the T-resonator on a 3D pipe surface with modified ground plane [40] 
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3.3. Drawback in planar design 
Though, the arrangement shown in Figure 25 resulted in a decent implementation of 

the T-resonator as a WC sensor on the pipe surface and it provided quite accurate results for 

the WC readings, an issue became quite apparent in the initial tests. The response of an ideal 

WC sensor should depend only on the relative percentage of water in oil but not on their 

geometric distribution inside the pipe. In order to verify the sensor’s performs in different 

geometric distributions of oil and water, full-wave simulations were conducted in in Ansys 

HFSS simulator. The E-field distribution inside the pipe determines the response of the sensor, 

thus we have plotted the fields in the pipe cross section, as shown in Figure 26.  Change in the 

magnitude of the E-fields inside the pipe is due to the fact that the pipe thickness is comparable 

to the wavelength at frequency of operation (100–200 MHz) and the bottom ground size is 

limited. 

 
Figure 26. Simulated E-field distribution inside the pipe in the case of flat implementation [45] 

However, the important thing to note for this kind of E-filed distribution is that f0 of the 

T-resonator is more sensitive to the substrate regions close to signal and the ground conductors 

(red/yellow color) and less sensitive to the regions on the right and left edges of the pipe (green 

color). This means that the sensor is dependent on the geometric distribution of oil and water 

in the pipe, which is not acceptable in real oil producing environment as oil and water, typically, 

form complex distributions inside the pipe. 

In order to quantify the dependence of the geometric distribution of the water and oil 

phases on the performance of the WC sensor, oil and water have been considered as completely 

separate phases. The performance of the sensor has been evaluated in HFSS for three test cases, 

as shown in Figure 27. In these test cases, the position of the top shunt stub and bottom ground 

plane has been kept at the same place, while the oil and water phases have been rotated inside 

the pipe in steps of 90°. 
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Figure 27. Three test cases to quantify the dependence of orientation of the sensor with respect to the oil and water interface. 

(a) 0° (reference). (b) 90°. (c) 180° [45] 

It can be seen from Figure 28 that, as expected,  the non-uniformity of the E-field makes 

the sensor’s response not only dependent on the WC but also on the geometric distribution of 

the oil and water inside the pipe. It can be seen that 90° orientation gives entirely different 

response as compared to the 0° and 180° responses. The RMS error between the responses for 

0° and 90° orientations is 28 MHz, which corresponds to an absolute error of around 35% in 

detecting the WC, which is not acceptable for practical applications. 

 

 
Figure 28. Effect of different orientations on the performance of the flat design of the WC sensor 

3.3.1. Mixer-free solution to the problem 
One easy solution for the above-mentioned problem (which most of the commercially 

available WC sensors use) is to break the oil and water in extremely small particles (particle 

size becomes less than λ /10 at the operational frequency). In this case, oil and water can be 

treated as a single homogeneous mixture, which makes the sensor independent of geometric 

distribution of the two phases inside the pipe. This approach requires a mixer or flow 

conditioners to be installed before the sensor, which causes undesirable pressure drop in the 

pipelines. Thus, this is not the preferred solution. Ideally, the sensor design should not or 

minimally depend on the orientation (geometric distribution) of oil and water inside the pipe, 

without the need of a mixer. 
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3.4. Orientation Insensitive Design (Helical Design) 
The E-field distribution and simulated response of the initial design (Figure 26) 

suggests that the WC sensor can become orientation insensitive if the E-fields are distributed 

well inside the pipe. A possible solution to this problem can be the use of a helical design, as 

shown in Figure 29. In contrast to the initial flat design, the mutual rotation of the signal and 

ground conductors may help the E-fields (which exist between the signal and the ground 

conductor) to rotate inside the pipe such that the effective E-field is distributed well inside the 

pipe. For experimentation purposes, we have used the pipe with a radius of 25 mm. 

 

Figure 29. Proposed helical shaped signal and ground conductors of T-resonator to achieve orientation insensitivity [45] 

In order to achieve minimum footprint of the sensor, the design shown in Figure 29 has 

been optimized to have a single turn with a pitch9 equal to the outer circumference of the pipe 

(2×Π×25 mm=157 mm). By virtue of this, vertical and lateral distances between the signal and 

the ground conductors become equal to the diameter of the pipe i.e., 50 mm (25 mm×2). If the 

helical pitch is reduced, the lateral distance between the signal and the ground conductor 

decreases, which may reduce the sensitivity of the sensor due to higher fringing fields. By 

increasing the pitch of the helix, fringing fields may reduce, which may lead to higher 

sensitivity but the size of the sensor will increase. 

The homogeneity of the E-fields in the cross section of the pipe has been confirmed 

through HFSS simulations. The simulated transmission coefficient (S21) of the resonator has 

been plotted for the same three test cases (Figure 27), which were considered for the initial flat 

design. The simulated response of the helical design for the three test cases is shown in Figure 

30. Comparing the response of the flat design (Figure 28) with that of the helical design (Figure 

30), it can be observed that the helical design is six times less sensitive to the geometric 

distribution of oil and water inside the pipe. 

                                                 
9 Helical pitch is a measure of the vertical distance (relative to the helical axis) separating two points on a helix after one complete "turn" 

(spanning 2pi radians) [61] 
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Figure 30. Simulated response of the helical design of the WC sensor [45] 

In order to explain the orientation insensitivity, we have plotted the E-fields of the 

initial flat design as well as the helical version at three equally spaced cross sections, shown in 

Figure 31. The pipe has been intentionally hidden in Figure 31 for the sake of clarity. It is 

evident from Figure 31 that the E-field distribution inside the pipe remains the same over the 

length of the flat design (Figure 31(a)) while the E-field maxima (red color) rotates with the 

rotating signal and ground conductors for the case of the helical design (Figure 31(b)). 

Effectively, the helical design makes the E-fields distribute well inside the pipe. This is why 

the helical resonator is six times less sensitive to the geometric distribution of oil and water 

inside the pipe. Although, the helical design of the T-resonator offers significant improvement 

over the flat design but 4.85 MHz of the rms error is still too large as it corresponds to an 

absolute error of 5% in detecting the WC. 

It is worth mentioning here that, the helical design has also been evaluated for radiation 

losses as the structure looks like a helical antenna. In simulations, the realized gain is around 

−39 dB at the resonant frequency, indicating that the structure is not radiating much and thus 

radiation loss is not a concern for this design. 

 

 
Figure 31. E-field distribution at three different equally spaced cross sections of the pipe. (a) Flat design. (b) Helical design 

[45] 
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3.5. Improved orientation insensitive design 
Although the helical design has provided significant (6x) orientation insensitivity but 

the design is not 100% orientation insensitive yet. We can observe from Figure 30 that a 

discrepancy still exists between the responses of 0° and 90° orientations. A possible solution 

is to implement two mutually orthogonal helical resonators (with the same rotational 

orientation) on opposite sides of the ring ground, as shown in Figure 32. It can be seen that the 

ring ground is placed in the center. This way the response of the sensor at 0° and 90° can be 

simultaneously obtained and averaged to get a better orientation insensitivity response. 

 

 
Figure 32. Simulation design of dual mutually orthogonal helical stub-based WC sensor [45] 

Similar to the previous designs, the S21 response for both the resonators has been 

simulated and their resonant frequencies have been averaged out. In this simulation, oil and 

water phases have been rotated inside the pipe from 0° to 180° with a step size of 30°. The 

averaged response for seven different orientations is shown in Figure 33. Comparing the 

response of the dual helical resonator-based design (Figure 33) with that of the flat design 

(Figure 28), the new design can achieve 60 times more orientation insensitivity. The RMS error 

between 0° and 90° response is now reduced to only 0.48 MHz, which corresponds to an 

absolute error of just 0.5%, which is 60 times better than the initial flat design. 

 
Figure 33. Effect of orientation on dual helical resonator-based WC sensor (60x orientation insensitive) [45] 
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3.6. Fabrication and Testing of orientation insensitive WC sensor 
After validating the orientation insensitivity of the design, we fabricated the WC sensor 

using low cost fabrication methods of 3D printing and screen-printing. Fabrication details are 

given in Appendix A. The fabricated prototype is shown in Figure 34. 

 

 
Figure 34. Lab prototype of non-intrusive and orientation insensitive WC sensor 

The fabricated prototypes have been characterized in the flow loop of Aramco Service 

Company, Houston, TX, USA, which is shown in Figure 35. Crystal Plus 70T mineral oil from 

STE Company has been used in the flow loop whose dielectric properties have been measured 

using a Dielectric Assessment Kit (DAK-12) from SPEAG. The oil has a low loss with loss 

tangent below 0.001 and a dielectric constant of 2.1 in the desired operational frequency range 

(below 1 GHz). 

 
Figure 35. Simultaneous horizontal and vertical characterization of the dual resonator-based WC sensor in the industrial flow 

loop [45] 
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The storage tank of 500 gallons is filled up with the above-mentioned oil and tap water. 

Dayton pumps in conjunction with electronically adjustable valves have been used to control 

the flow rate of water and oil. Flow meters from Great Plains Industries have been used to 

measure the flow rate of oil and water phases. A LabVIEW GUI is built to control the valve 

positions and to view the real time flow rate of individual oil and water phases. All the control 

and feedback signals are managed using a PLC by National Instruments. 

It can be seen from the zoomed-in version of the horizontal and vertical sections that 

the flow patterns are completely different in these two sections. The horizontal section 

experiences “wavy stratified” flow regime with less dense oil (appearing in red color) floating 

on top of heavy water (appearing as white color) [46]. The interface layer between oil and 

water becomes wavier by increasing the flow rate of oil and water phases. In contrast to the 

horizontal section, oil and water mixes up in the form of bubbles when they rise up in the 

vertical section resulting into “dispersed bubble” flow regime [46]. 

The sensor has been characterized in the vertical and horizontal orientations 

simultaneously. For each sensor prototype, the transmission coefficient (S21) of two resonators 

is measured using two sets of handheld FieldFox VNA (N9923). The resonant frequency is 

extracted from the S21 response, individually for two resonators and then averaged out to obtain 

the resonant frequency for each WC value. This averaged resonant frequency is orientation 

insensitive and has been reported against the WC in all the characterization curves (Figure 36 

to Figure 39) presented in the following sections. 

3.6.1. Orientation Effect 
The sensor has been characterized for three different orientations (0° (reference), 45°, 

and 90°) while keeping the flow rate at 50 gallons per minute (GPM). The WC is varied from 

0% to 100% in all these cases. The averaged resonant frequency is plotted against each WC 

with a step size of 10%. Figure 36 and Figure 37show the responses of WC sensor in vertical 

and horizontal orientations, respectively. 

Despite having completely different flow regimes, i.e., “dispersed bubble” and “wavy 

stratified” in vertical and horizontal sections, respectively, the sensors show almost identical 

responses, as is evident from Figure 36 and Figure 37. Since the E-fields have been made to 

distribute well inside the pipe, different geometric distributions of oil and water in vertical and 

horizontal installations have no effect on the response of the sensor. This is an encouraging 

result, making this sensor design suitable for use in the oil wells without the need of any 

preconditioner or mixer. 

 

 
Figure 36. Orientation effect on the performance of the WC sensor installed vertically (shown in inset) [45] 
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Figure 37. Orientation effect on the performance of the WC sensor installed horizontally (shown in inset) [45] 

3.6.2. Flow Rate Effect 

Reynolds number, given by eq. (2), is a measure of turbulence of the flow. Where ρ, 

v , and η represent the density, relative speed, and dynamic viscosity of the fluid, respectively, 

and l is the characteristic length of the system 

 
𝑅𝑒 =

ρv𝑙

η
 

(2) 

It is evident from the equation that the turbulence of the flow is directly proportional to 

the velocity of the fluid, which may affect the geometric distribution of oil/water mixture inside 

the pipe. To address this concern, the sensors at vertical and horizontal positions have been 

characterized for three different flow rates, i.e., 40, 45, and 50 GPM, while keeping the 

orientation fixed at 0° and changing the WC from 100% to 0% for all the three flow 

rates. Figure 38 and Figure 39 show the characteristic responses of the sensors at three different 

flow rates in vertical and horizontal positions, respectively. It can be clearly seen that the flow 

rate does not affect the sensor performance significantly. A slight discrepancy has been 

observed in the readings of 10% and 20% WC at a flow rate of 40 GPM flow rate that could 

have been caused by a human measurement error. Probably, the flow loop has not been run 

long enough to attain the designated WC. We may call this a premature measurement error. 

The measurements have first been performed on the vertical prototype, and we can observe the 

discrepancy in Figure 38, however it is not visible for the horizontal prototype results (Figure 

39), that has been measured later. This just indicates that the oil may have attained its designated 

fraction in the flow loop by the time the horizontal measurement has been performed.  

 
Figure 38. Flow rate effect on the performance of the WC sensor installed vertically (shown in inset) [45] 
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Figure 39. Flow rate effect on the performance of the WC sensor installed horizontally 

(shown in inset) [45] 

3.7. Performance Test 
After characterizing the designed WC sensor in the flow loop, a custom MATLAB 

based GUI (shown in Figure 40) is developed to check its performance in blind test conditions. 

Two identical prototypes have been installed in random orientations for both horizontal and 

vertical test sections, and random WCs are initiated at random flow rates in the flow loop. 

MATLAB GUI handles the user interaction for acquiring the S21 data from four VNAs (two 

for each prototype) by running standard commands for programmable instruments at its 

backend. Test setup diagram is shown in Figure 41. 

 
Figure 40. Screenshot of the custom MATLAB GUI dealing with data acquisition, post processing, and translation of resonant 

frequencies to the WC [45] 
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Figure 41. Block diagram of simultaneous testing of horizontal and vertical prototypes using MATLAB GUI [45] 

After acquiring the S21 data from all VNAs, MATLAB code extracts the resonant 

frequency and compares it with the hard-coded characterization curves of the sensor already 

fed into the system. Lookup-table-based correspondence translates the resonant frequency into 

the WC. The performance of horizontal and vertically sensors has been simultaneously tested 

at multiple random points over the full WC range. The results are shown in Figure 42. 
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Figure 42. Performance of the WC sensor (both in vertical and horizontal installation) in the flow loop [45] 

It is worth mentioning here that the WC in the flow loop can only be set with a tolerance 

of ±2.5%. The green line corresponds to the ideal response with 0% error while red dotted 

curves represents ±2.5 % tolerance in adjusting the WC in the flow loop. Blue and pink dots 

show the measured WC in vertical and horizontal orientation, respectively, against a particular 

set WC. It is evident that almost all the measured points are within the tolerance limits of setting 

the WC in the flow loop. Taking the uncertainty of the flow loop into account, the WC sensor 

shows an accuracy of 1%–2% over the full WC range in both the vertical and horizontal 

installations. Moreover, it can easily be observed that the vertical and horizontal sections 

measure the same WC irrespective of the flow regimes existing in the corresponding sections. 

3.8. Application of flat T-resonator as a level sensor  

This chapter has demonstrated the use of pipe conformable microwave resonator as a 

WC sensor. First design, presented in section 3.2 of this chapter, is based on a flat T-resonator 

that is not suitable for measuring WC due to complex distribution of oil and water inside the 

pipe, as explained in sections 3.3 and 3.4. However, the same flat design can still be used for 

other applications, for instance level sensing. Many industrial processes involve 

liquid/chemical containers whose level is continuously monitored, mainly through ultrasounds 

or high frequency radars. Using the flat T-resonator, we can measure the liquid level inside the 

containers. Due to the conformable design, T-resonator can be printed on the outer surface of 

any non-metallic surface (container or tube). This section is dedicated for level measurements 

using tube conformable flat T-resonator design as shown in Figure 25.  

Assume that a tube is filled up with two liquids and we need to determine the interface 

level or, in other words, the quantity of each liquid as shown in Figure 43. To be consistent 

with previous measurements of water fraction in oil (WC), we chose the two liquids inside the 

tube as oil and water whose interface level needs to be determined. As mentioned earlier that 

oil has lower permittivity (ε′) value (2.2) as compared to water (80), effective permittivity 

experienced by the tube conformable T-resonator will depend on the interface level between 
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the two mediums. Therefore, the change in permittivity value (and the liquid interface level) 

can be measured in terms of change in resonance frequency of the resonator. 

 

Figure 43. Tube conformable T-resonator used as a level sensor 

Instead of measuring the change in resonant frequency of the T-resonator using a VNA 

(as shown in sections 3.6 and 3.7 of this chapter), we have used the resonator as a frequency 

selective element of a microwave based oscillator. The oscillation frequency of the oscillator 

is changed based on changing resonance frequency of the resonator [44]. This oscillator based 

readout circuitry is very cost-effective compared to VNA. Following sections will explain the 

design methodology of integrating oscillator core with the T-resonator. 

3.8.1. Microwave oscillator based readout circuit design 
Before we go into the design details of integrating resonator with the oscillator, it is 

worth mentioning that most of the resonators used for sensing applications have band-pass 

response e.g. ring resonator and cavity resonator etc. [47]. These band-pass resonators are 

easier to integrate in the feedback loop of the oscillator and large wideband tuning can be 

achieved. However, the resonator we chose for our design is T-resonator, which has band-stop 

response as is evident from Figure 40. Band-stop resonator has to be integrated with the 

oscillator in reflective mode (in contrast to “transmission mode” for the case of band-pass 

resonator) in which large bandwidth cannot easily be obtained. 

Band-stop resonator based oscillators need to be integrated with a negative resistance 

circuits. Figure 44 shows the topology employed to achieve negative resistance from an E-

pHEMT transistor i.e. ATF53189 by Avago Technologies in the desired range of frequencies. 
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Figure 44. Topology employed to obtain negative resistance from ATF53189 

It must be noted here that “Г” represents the reflection coefficient, which describes the 

amount of power reflected off an interface due to impedance discontinuity. In Figure 44, dotted 

line is treated as an important interface across which reflections coefficients are considered 

during the oscillator design. On left hand side of the dotted line, T-resonator acts as a frequency 

selective element which reflects maximum power at its resonant frequency (f0) but the reflected 

power is less than the incident power due to conductor and dielectric losses of the resonator. 

In order to compensate for these losses, negative resistance (gain) of the transistor, coupled 

with other RLC components is used. In order for oscillation to sustain, reflection gain of the 

transistor (|Гin|) must be more than the reflection loss of the resonator (|Гres|) and the summation 

of these two parameters must add to a value greater than 1 (or 0dB). Moreover, constructive 

interference of two reflections at the interface is required for the oscillation to sustain. It means 

that the net phase of two reflections, one from resonator side (∠Гres)  and other from the 

transistor side (∠Гin), must be zero. The magnitude and phase conditions can be summarized 

as follows: 

 
 |Гin |+|Гres | > 0dB (3) 

 ∠Гin+∠Гres = 0° (4) 

 

It is worth mentioning here that reflection measured at one port takes into account, the 

reflections from all the other ports of the system. Both the T-resonator as well as the transistor 

are 2-port systems; therefore we must take into account the signal reflections from both the 

ports. As can be seen from Figure 44, one port of the T-resonator is matched with 50Ω so no 

signal will be reflected from that port, so we can call the signal reflected from the other port of 

the resonator (S11) as Гres. Similarly, ATF53189 has isolation between input and output ports 

of greater than 30dB, we can equate its S11 with the Гin. In the discussion below, we will 

consider the S11 of the T-resonator as well as the transistor in order to satisfy the conditions 

listed in eq. (3) and eq. (4). 

Usually at f0, the phase of a T-resonator (∠Г𝑟𝑒𝑠) is close to 180° while the loss 

magnitude of the resonator (|Г𝑟𝑒𝑠|) depends upon the dielectric loss of the medium, conductivity 

and surface roughness of the metal used in its construction. Similarly, the gain magnitude and 

reflection phase of the transistor is dependent on the bias, frequency and external components 

attached to it. Transistor gain and phase needs to be optimized based on the loss and phase of 

the T-resonator. That is why, we first measured the S-parameters of a pipe-conformable T-

resonator (shown in Figure 44) by filling it with some oil and water, with the help of a VNA. 

We can see from measured “Гres” of the T-resonator (Figure 45) that we would need amplified 

reflection (Гin) from amplifier of around 3-4dB and a phase of -140° from the transistor to meet 

the oscillation conditions as listed in eq. (3) and eq. (4). 
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Figure 45. Measured magnitude and phase response of the pipe conformable T-resonator tube (Гres) filled with oil and water 

The loss magnitude remains in the range of -3to -4dB while phase stays from 140° to 

150°. Ideally speaking, the reflection phase from a λ/4 open stub should be 180° at f0. However, 

measured phase is slightly less (~ 140⁰) depending on the phase added by the finite length of 

the feedline of the T-resonator. As frequency of maximum reflection (resonant frequency or 

f0), changes with different levels of oil/water interfaces, we want our transistor to give 

minimum gain of 4dB and constant phase of -140⁰ all over the desired frequency range (90-

190 MHz). In order to achieve that, we optimized the values of components connected with 

ATF53189 using Momentum EM simulator of ADS. Vds of 4.0V and Vgs of 1.0V has been 

used throughout the simulations, which have been applied to drain and source of the transistor 

using feeding inductors and blocking capacitors. A test PCB with a size of 2.3*2.5 cm has been 

fabricated to measure the input reflection coefficient (Гin) of the transistor topology. Figure 46 

compares the simulated Гin response with the measurements of the oscillator core. We see a 

good match between simulations and measurements expect from a slight frequency shift. 

 
Figure 46. Comparison of simulated and measured, phase and magnitude response of oscillator core 

It can be seen from the blue curve of Figure 46 that the gain magnitude is greater than 

4dB over most of the desired frequency range which is a good sign. Transistor phase as shown 



58 

 

in red color, on the other hand, is almost 160⁰-140⁰ at 190 MHz. However, due to the steep 

slope in the phase response, phase changes abruptly and approaches -60° at low frequency end 

(90MHz) of the desired frequency range. It must be recalled here that the desired phase from 

transistor is flat -140⁰ over desired frequency range of 90-190 MHz. In order to bring transistor 

phase closer to -140° over wide frequency band, we need to optimize the values of RLC 

components attached with the transistor as shown in Figure 44. 

In an effort of flattening the slope of the phase response, Cd and Cg values were 

increased from 180pF to 220pF and 24pF to 33pF respectively. As a result of that, more 

negative phase was introduced in the system and the phase response shifted towards the lower 

frequency side of the spectrum. It eventually helped in achieving flatter phase response in the 

desired frequency range. However, higher capacitance values increased the loss in the transistor 

which was compensated by decreasing the value of Rs from 5.5Ω to 4.5Ω by putting a 24Ω 

resistor in parallel. Figure 47 shows the comparison of phase responses we measured, every 

time a variation in R or C value is made. 

 
Figure 47. Comparison of measured phase response of the oscillator core with different changes in the component values 

Although it is quite challenging to achieve completely constant phase over large 

bandwidth because the phase of capacitance and inductance is a function of frequency. 

However it can be seen from Figure 47 that black curve (optimized design) has much flatter 

phase response (averaging at desired -140⁰) compared with the red dotted curve. It should be 

mentioned here that the gain of the oscillator core (not shown here) is still maintained above 4 

dB over the desired frequency range (90-190 MHz).  

As mentioned earlier that a fixed phase (-140⁰) can be obtained from the oscillator core 

over full bandwidth of the sensor, we expect that the oscillation frequency will deviate a little 

from the resonant frequency of the resonator. This is because, the oscillator will oscillate only 

where two conditions, listed in eq. (3) and eq. (4), are satisfied. That is why, in order to check 

what frequencies the oscillator will oscillate at, we measured the phase response of the tube 

conformable T-resonator with different levels of oil and water. This response is then plotted 

along with the inverted phase of the optimized oscillator core (black color in Figure 47). It is 

shown in Figure 48. The overlap points indicate the frequencies, where phase condition is met 

and the oscillator will oscillate at those frequencies. We can see that the expected range of 

oscillation frequencies is from 102-172 MHz (69%). 
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Figure 48. . Inverted phase of Гin plotted against variable Гres of the T-resonator printed on a tube and filled with different 

levels of oil and water 

3.8.2. Microwave oscillator fabrication and testing 
Flat T-resonator has been fabricated on the pipe surface using the screen-printing and 

reusable 3D printed mask. Oscillator circuit PCB (2.3cm*2.5cm) has been built on a FR4 
substrate using discrete components including ATF53189, resistors, capacitors and inductors 
as shown in Figure 49. 
 The pipe is filled with different levels of tap water and vegetable oil. One port of the 
pipe conformable T-resonator is terminated with 50Ω while the oscillator PCB is connected to 
the other port. At first, oscillation frequency is measured at the output port of the oscillator 
using Agilent E4448A spectrum analyzer (SA) as shown in Figure 49. Maximum output power 
exists at the fundamental oscillation frequency while some of the power also exists at the 
harmonics of the fundamental frequency. Level sensor has been tested with the oscillator at 
various levels of water and oil interfaces ranging from 17 mm to 183 mm from the bottom of 
the device. The measured response, we obtained from SA, for all of these interface levels has 
been included in Appendix B. 

 
Figure 49. Level sensor testing with Spectrum Analyzer 
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Similarly, we measured the oscillation frequency on Keysight DSO-X-3024T 
oscilloscope (Osc) as shown in Figure 50. We can observe sinusoidal waveform on the screen 
of the oscilloscope. However, this waveform is not a pure sine wave because higher order 
harmonics are also mixed with it. However, zero crossing of the sinusoidal wave gives the 
frequency of the fundamental component, which we have noted for each interface level.    

The measured results we obtained from SA and Osc have been compared in Figure 51, 
indicating good consistency between the results obtained using both the measurement 
techniques. 
 

 
Figure 50. Level sensor testing using Oscilloscope 

 
Figure 51. Oscillation frequency shift caused by changing oil/water interface levels and measured by spectrum analyzer & 

oscilloscope 

 If we compare the oscillation frequencies plotted in Figure 51 with the frequencies 

predicted by the phase matching (Figure 48), we notice a good match. In Figure 48, phase 

conditions of the resonator and the oscillator core, predicted the oscillation frequency to be in 

the range of 102-172 MHz. From Figure 51, we can observe that the measured oscillation 

frequencies are in the range of 110-170 MHz. With this, we can conclude that the oscillation 

frequency can be predicted from the phase and magnitude responses of the resonator and the 

oscillator core. It is also worth mentioning here that the measured oscillation frequency is not 

exactly the same as the resonance frequency, as measured by VNA. It can also be confirmed 
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by looking at phase response of the resonator as shown in Figure 48. The frequency at which 

the phase inverts from 180⁰ to -180⁰ is the actual resonance frequency, measured by the VNA. 

On the other hand, the phase condition is met at relatively higher frequency for every curve 

measured for different interface levels. That is why; one can expect that the oscillation 

frequency given by the oscillator would be slight higher than the actual resonant frequency of 

the resonator. In order to make it clear, we have compared the resonant frequency measured by 

the VNA with the oscillation frequency of the oscillator in Figure 52.  

 

 
Figure 52. Comparison of resonance frequency measured by VNA with the oscillation frequency of the oscillator 

 It is evident from Figure 52 that the oscillation frequency is higher than resonance 

frequency as discussed above. It should be noted here that, this frequency-offset phenomenon 

might affect the accuracy of the sensor if the purpose is to extract the exact permittivity value 

of the medium. However, interface level measurement (or WC measurement) is a relative 

phenomenon and we can perform the inverse calculation based on the appropriate lookup table. 

If the liquid interface (or WC) measurements are performed using VNA, green curve can be 

used as a lookup table and if oscillator is being used as a low-cost alternative, red curve can be 

used as a lookup table.  

3.9. Summary 
This chapter consists of two parts. First part of the chapter shows the design, low-cost 

fabrication and flow loop testing of the lab prototype of a microwave-based WC sensor. Due 

to the mutually orthogonal dual helical resonator based design, E-fields have been distributed 

well inside the pipe. Resultantly, the sensor is sensitive only to the volumetric fraction of water 

in oil regardless of its orientation, flow rate, and geometric distribution of oil and water inside 

the pipe. Unlike many commercial WC sensors, the sensor’s response remains identical in 

vertical as well as in horizontal installations without requiring any preconditioner, which 

typically causes undesirable pressure drop in the pipelines. The full WC range accuracy of 1%–

2% has been achieved, despite the limitations of the test setup. In order to test this sensor in 

real field environment, it must comply with all the requirements related to the harsh field 

conditions and will be discussed further in the next chapter. 

The second part of the chapter shows the use of pipe conformable T-resonator as a level 

sensor, which can measure the interface level of any two mediums without intruding them. T-

resonator has been used as a frequency selective element of the microwave oscillator, which is 
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a low-cost alternative to measure the resonance frequency of the resonator. Oscillator core has 

been optimized to give maximum possible flat phase response. By doing that, we have 

demonstrated large tuning bandwidth (50%) of the oscillator, by changing the interface level 

of water and oil. Although, oscillation frequency is a little drifted from the resonance 

frequency, but it can still be used as a low-cost readout circuitry where relative measurements 

(such as interface level and WC) are required.  
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Chapter 4.  Industrial version of water-cut sensor 
 

Previous chapter demonstrated the design and lab prototype validation of the non-

intrusive and orientation insensitive WC sensor. The next step is to deploy this sensor in the 

field environment. However, field environment is very challenging as compared to the 

controlled conditions in the lab. For example, fluid mixture is produced in the field at a high 

temperature (up to 125⁰C), high pressure (up to 1000 psi) with high salinity levels (up to 

250,000 ppm). Moreover, oil fields have been recognized as hazardous locations due to the 

presence of ignitable gas and vapor particles. Any electronic component, which could be tested 

in this environment, has to meet certain safety standards. This chapter will cover our approach 

to meet most of the field prototype requirements. Different material system is used for the field 

ready or industrial version of the WC sensor. The effects of the new material system on the 

performance of the microwave WC sensor have been discussed in this chapter. This version 

has been tested in an industrial grade flow loop, which is capable of generating test conditions 

very close to the real field. Characterization and testing of the sensor in varying operating 

conditions is also presented in this chapter. Since the oscillator based readout circuitry has 

limited capabilities, VNA has been used in testing the response of industrial version of WC 

sensor. 

4.1. Requirements of designing an industrial WC sensor 

4.1.1. Design considerations for dielectric pipe material of WC sensor 
The sensor design is suitable for non-metallic pipes only. Acrylic has previously been 

used for lab prototyping purposes but it cannot withstand harsh operating conditions (high 

pressure and high temperature (HPHT)) in the field. For the industrial version, Acrylic has to 

be replaced with an appropriate HPHT tolerant dielectric material. In addition to having 

superior mechanical properties, the dielectric must have low dielectric loss so that it can be 

used as a substrate for the modified T-resonators. Moreover, the machining of the dielectric 

material should not be a problem in order to shape and package it inside a metallic housing.  

Based on the requirements listed above, a 30% glass reinforced PEEK (Polyether ether ketone) 

material has been chosen [48]. 

4.1.2. Integration with flow rate measurement technique 
As shown in Figure 3, the ultimate goal of a MPFM is to provide individual flow rates 

of all the three phases. That is why, finding the flow rate of overall mixture is as important as 

finding the volumetric fraction of different phases. For this reason, a “venturi tube” has been 

added to WC sensor to measure the flow of the mixture. Venturi is basically a mechanical 

structure which measures the flow rate of the fluid by varying the cross sectional of the flow 

path. More details are provided in the upcoming sections. The challenge in this task has been 

the seamless integration of the venturi with the WC sensor. 

4.1.3. Operation in saline environment 
Salinity is known to alter the dielectric properties of water [3], which can disturb the 

calibration of the meter. The challenge has been to find a sophisticated test setup where salinity 

can be altered in a repeatable manner. Meter has to be thoroughly characterized for different 

levels of salinity, so that saline effect can be filtered from the response of the microwave 

resonator. 
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4.1.4. Reliability of the meter 
H2S is considered as a very dangerous gas, which is found at the production sites. In 

addition to being dangerous to human beings, this gas is very corrosive. That is why, all the 

wet parts of the meter had to be H2S tolerant. If not properly designed, H2S can eat up the 

materials, which can lead to ultimate failure of the device. 

4.1.5. Operational safety considerations  
Field environment is classified to have high concentration of flammable gases or 

vapors, which can ignite under normal conditions. That is why, any electronic device needs to 

be housed in a packaging, which meets the safety standards set by the International Electro 

Technical Commission (IEC). This compliance is typically ensured by certification through an 

approved certifying agency after thorough inspection. For the given reasons, readout 

electronics has to be packaged inside an explosive proof enclosure and all the electronic 

interfaces across the boundary of the enclosure have to pass the safety standards. 

4.2. Mechanical structure of the industrial WC sensor 
This section explains the basics of the venturi as well as its integration with the 

microwave WC sensor. 

A normal venturi consists of a converging pipe section (cross section reduction) at its 

inlet, which returns to its original diameter using a diverging section at its outlet. These two 

sections are connected together with a piece of pipe known as the venturi throat. A typical 

venturi is shown in Figure 53. At the inlet, fluid has relatively low velocity and hence high 

pressure (P1) while the velocity of fluid increases at the choke point, which results in drop in 

pressure (P2). The differential pressure (ΔP=P2-P1) is directly related with the fluid flow rate.  

 

 
Figure 53. Classic venturi design [49] 

Classic venturi equations is given below: 

𝑞𝑣 =
𝐶

√1 − 𝛽4
𝜀

𝜋

4
𝑑2√

2∆𝑝

𝜌1
 

(5) 

 

For the proposed venturi design, important values are given below. 

 

• Discharge coefficient: 𝐶 = 0.995 

• Diameter Ratio: 𝛽 =
𝑑

𝐷
=

1.6 𝑖𝑛

4.026 𝑖𝑛
≅ 0.4 where “d” is the inner diameter (ID) of the 

throat and “D” is ID of the inlet section 

• ∆𝒑 is the differential pressure across inlet and throat part of venturi. This is measured 

by a differential pressure transducer 

• 𝜌1 is the fluid density at the temperature and pressure in entrance cylinder 

• Expansibility factor: 𝜀 = √(
𝜅𝜏2/𝜅

𝜅−1
) (

1−𝛽4

1−𝛽4𝜏2/𝜅
) (

1−𝜏(𝜅−1)/𝜅

1−𝜏
) 
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• Pressure Ratio: 𝜏 =
𝑝2

𝑝1
 

• 𝜅 - Isentropic Exponent (if unknown, Ratio of Heat Capacity 𝛾 must be used)  

• Please note that some sources just skip Expansibility factor (ɛ) since it should 

be close to 1 and can be hard to calculate. 

  

It can be seen from eq. (5) that the volume flow rate (𝑞𝑣) depends on the differential 

pressure (∆𝑝) as well as the fluid density (𝜌1) which is directly linked with the water-cut (WC). 

It means that the basic requirement to measure the flow rate of a 2-phase flow is to measure its 

WC as well which we are doing anyways with the help of microwave measurements, as 

explained in the previous chapter. 

 In our design, the microwave WC meter has been mounted on the extended throat of 

the venturi (ETV), which is made of non-metallic material. Rest of venturi body is made of 

stainless steel (SS-316). Engineering drawing of the cross section of our extended throat venturi 

is shown in Figure 54. With the combination of microwave sensor and venturi, one can measure 

the volumetric fraction as well as overall flow rate of oil/water mixture. It means that the 

individual flow rates of oil and water can be calculated and thus this design qualifies as a 2-

phase flow meter. 

 

 
Figure 54. 2D engineering drawing of extended throat venturi (ETV) based 2-phase flow meter 

The 3D isometric view of the design is shown in Figure 55 while 3D cross section of 

the design is shown in Figure 56. 

 
Figure 55. 3D isometric view of the Microwave water-cut sensor integrated with extended throat venturi 
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Figure 56.3D cross-sectional view of the Microwave water-cut sensor integrated with extended throat venturi 

4.2.1. EM Simulations for Sensor on PEEK material inside the metallic enclosure 
Venturi tube is made of metallic (SS-316) material and does not require any packaging. 

On the other hand, PEEK tube has a delicate printed microwave sensor on top of it which 

requires shielding from the external environment. Therefore, a metallic housing has been 

incorporated to enclose the PEEK tube, as shown in Figure 57. 

 
Figure 57. Location of microwave water-cut sensor on the Venturi throat 

The performance of the WC sensor need to be optimized for the new material system 

(PEEK) and the metallic housing. However, if the sensor is simulated along with the complete 

housing structure, significant computational resources are required. In order to reduce the 

simulation complexity and required computational resources, the simulation is restricted to 

Venturi throat section with one spiral resonator only. This has been decided because the 

complete sensor consists of two mutually orthogonal spiral resonators whose responses are 

almost similar. Thus the other spiral part of the sensor is expected to have similar response and 

thus does not need to be simulated. The simulated resonance frequency of the two parts of the 

sensor can be averaged to achieve the orientation insensitivity as described in the previous 

chapter. The HFSS simulation model consisting of one resonator is shown in Figure 58. 
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Figure 58. HFSS model of one spiral resonator enclosed by the metallic housing made of SS316 

The wall thickness of the PEEK tube determines its pressure handling capability. In 

order to meet the requirements of 125⁰C temperature and 1000 psi pressure, a wall thickness 

of 7 mm has been used. Similar to the lab prototype design, the spiral resonator has been 

wrapped on the external surface of the PEEK tube. The model shown in Figure 58 has been 

simulated for different fractions of water and oil (0% to 100% with a step size of 10%). S21 

response of the resonator is shown in Figure 59. 

 

 
Figure 59. Resonator's response (S21) to different water fractions (0-100%) 

It can be seen from the results of this version of the  sensor that the trend of frequency 

change with respect to the WC change is similar to the previous lab prototype, however with 

some loss in the sensitivity. For the full range of 0% to 100% WC, the resonance frequency 

changes from 186.1MHz to 126.1MHz, which is a percentage shift of almost 47.6%. The 

percentage shift in resonance frequency has decreased as compared to the ~110% shift 

observed in the lab prototype of the sensor demonstrated in the previous chapter). The reason 

is that the wall thickness of the sensor has increased in the industrial prototype as compared to 

the lab prototype in order to meet the pressure and temperature specifications. The wall of the 

pipe has fixed dielectric constant while the liquid inside it has changing dielectric constant (due 

to the changing fraction of water in oil). The percentage frequency shift depends upon the ratio 

of the changing medium to the fixed medium. Since this ratio has decreased in the industrial 

prototype, we have observed a decrease in percentage frequency shift as well. Nonetheless, a 
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shift of 47.6% is more than enough to achieve the desired resolution of measuring 0.1% to 

0.2% of WC using sophisticated readout circuitry or VNA. Another observation from Figure 

59 is that the sensor gives sharp resonance dips (below -30dB for all WCs) indicating high 

quality factor (Q) of the resonator. High Q value helps in accurate detection of the resonance 

frequency of the sensor resulting in high resolution and better accuracy of the sensor. 

 

4.2.2. Finite Element Analysis (FEA) of the meter parts 
In order to ensure the mechanical integrity of the meter, finite element analysis of all 

of its parts has been performed. In this analysis, we have applied 2000 psi of pressure and 

observed the stress on various parts of the meter. Our meter is rated for 1000 psi pressure, but 

we have applied a pressure of 2000 psi in order to keep a safety margin of 2x. After the rated 

pressure is applied, we observed the stress on these parts especially at the critical points such 

as weldments and the part edges. Important thing to consider is that the maximum stress 

observed at all the parts of the meter, must be less than the “yield strength10” of the material.   

 
Figure 60. Stress analysis under 2000 psi pressure of Extended Throat made of PEEK 

 
Figure 61. Stress analysis under 2000 psi pressure of part- Entrance Converging Cylinder (made of SS316) 

                                                 
10 “Yield Strength” is the maximum stress a material can handle before it deforms. 
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Figure 62. Stress analysis under 2000 psi pressure of part- Exit Diverging Cylinder (made of SS316) 

 
Figure 63. Stress analysis under 2000 psi pressure of part– Protective Pipe around PEEK tube (made of SS316) 

The results of the analysis are shown in Figure 60 through Figure 63. Figure 60shows 

that the averaged stress observed on PEEK tube  is around 8k psi while the maximum stress is 

12.5k psi, which is much less compared to its yield strength of 16.5k psi. Similarly, as can be 

seen from Figure 61, Figure 62 and Figure 63 show that the maximum stress observed on the 

metallic parts are around 17k psi which is much less compared to the yield strength of the 316 

Stainless Steel (UNS31600 per ASTM A276) which is 30k psi. 

4.3. Fabrication of the industrial prototype and Testing in NORCE, Norway 
After validating the simulated RF and mechanical strength of the design, prototype has 

been built, as shown in Figure 64. Fabrication details are given in Appendix C and interested 

readers are encouraged to read the appendix for more details. Two prototypes have been 

fabricated for testing in an industrial flow loop. From here onwards, this version of the sensor 

will be called as “2-phase flow meter” or simply the “flow meter” because it has integrated 

WC with flow rate measurement capabilities. 
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Figure 64. Industrial version of WC (2-phase flow) meter 

Figure 65 shows the block diagram of the test setup. Microwave 2-phase flow meter is 

installed in horizontal as well as in vertical orientation in the industrial flow loop of CMR 

located in Bergen, Norway. 

 
Figure 65. Block diagram of the 2-phase metering system 

In Figure 66, the installation of the 2-phase flow meter is shown in the flow loop while 

the flow direction is from the bottom to the top. At first, both the meters (horizontal and 

vertical) have been calibrated over the wide range of operating conditions. Calibration curves 
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have been formed based on the test results. This section will show the calibration curves, 

obtained under different operating conditions. 

 

 
Figure 66. Vertical flow meter installed at industrial flow loop of NORCE, Norway 

Before moving on to the results of the 2-phase flow meter, it is a good idea to get 

familiarized with the terms used in this section. “Ramp up” means increasing the WC value 

from 0% to 100%. “Ramp down” means decreasing the WC value from 100% to 0%. “Water 

continuous” means the state of fluid mixture in which water forms the continuous layer in 

which oil particles are dispersed. “Oil continuous” on the other hand, means the state of fluid 

mixture in which oil forms the continuous layer in which water particles are dispersed. “Phase 

inversion” means the point where the continuous phase changes from water continuous to oil 

continuous or vice versa. Water continuous fluid is conductive due to high percentage of salts 

mixed with the water. On the other hand, oil continuous fluid is largely non-conductive. 

Around the “phase inversion” point, conductive mixture turns into non-conductive mixture or 

vice versa. “Phase inversion” point defines the boundary, at one side of which works the 

capacitive sensors while conductive sensors work on the other side of this point.    
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4.4. 2-phase fluid fraction testing 
One of the known challenges in multiphase flow sensing is that “phase inversion” can 

happen at any value of WC between 30% to 70%. “Phase inversion” point is hard to predict 

because it depends on the operating conditions such as temperature, pressure, flow rate and gas 

fraction (if any). As mentioned early that fluid mixture is mainly dielectric (non-conductive) 

in oil continuous region and becomes lossy (conductive) in water continuous region. That is 

why, sensing mechanism has to switch from dielectric constant to dielectric loss measurements 

when fluid switches itself from oil continuous to water continuous respectively. Since 

microwave resonators measure both the dielectric constant and dielectric loss of the mixture, 

they are expected to work better than the capacitive or conductive type sensors as far as phase 

inversion phenomenon is concerned. 

It is worth mentioning here that while testing the WC sensor in the research labs of 

Aramco Services Company in Houston USA (results shown in the previous chapter), phase 

inversion phenomenon was not experienced. In Houston flow loop testing, significant changes 

in the resonance frequency of the resonator have been seen across the full range of WC (0-

100%). There can be multiple reasons for non-observance of the phase inversion. It could be 

because  appropriate flow regimes (which are observed in the real scenario) were difficult to 

develop in Houston flow loop due to limited lab space. On the other hand, it could also be 

because we had used tap water in Houston flow loop, which is not true in reality. 

One of the reason to develop an industrial version and test it in an industrial grade loop, 

is to do more realistic testing where aspects such as phase inversion can be observed. As will 

be evident from the test results presented in this section, phase inversion phenomenon has been 

observed in industrial flow loop testing. Unlike Houston measurements, this testing has been 

done with saline water which is experienced in the real oil fields. We have used the diesel oil 

gasoil -11 LSHO 10ppm from Exxon mobil during this testing. We have varied the WC in both 

directions which means that we have “ramped up” as well as “ramped down” the WC in order 

to observe the “phase inversion” phenomenon in different conditions. Minimum flow rate (FR) 

recommended in 2-phase conditions is 10 m3/h (~1500 bpd) while the maximum achievable 

FR over full range of WC is 80 m3/h (~12,000 bpd). Minimum recommended salinity 

(measured in the units of conductivity) is around 2 S/m. The plan is to increase it in 4 steps to 

reach to a maximum of around 11 S/m. Pressure of the system is around 5 bara (~72 psi). 

4.4.1. Hysteresis effect at low flow rates 
At first, 2-phase flow meter was tested at low flow rates (10 m3/hr and 30 m3/hr) by 

keeping lowest possible salinity level of 1.14%, which corresponds to water conductivity of 

1.92 S/m. Hysteresis is usually referred to as a phenomenon in which a “property” lags behind 

the “driving force”. In our case, “phase inversion” is the property, which lags behind the driving 

force of “change in WC”. As we know that, driving force is applied in opposite directions in 

order to validate the hysteresis effect. Similarly in order to validate the hysteresis of phase 

inversion, we will change the WC in opposite directions by first ramping up its value from 0 

to 100% at then ramping down its value from 100% to 0%. 
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Figure 67.  fo response of our flow meter at low flow rate while ramping up the WC in lowest salinity 

As can be seen from Figure 67 that WC has been ramped up from WC0 to WC100 at 

lowest flow rate and lowest salinity possible in the flow loop. As expected, resonant frequency 

(f0) decreases by increasing the water content (or increasing the effective ε′ of the mixture). 

This is because fo and ε′ are inversely proportional to each other. Phase inversion happens 

between WC 60-70% as we see abrupt change in fo there. 

 

 
Figure 68. fo response of our flow meter at medium flow rate while ramping down the WC in lowest salinity 

In the next experiment whose results have been presented in Figure 68, WC is ramped 

down from WC100 to WC0 at medium flow rate and the same salinity level. As expected, 

resonant frequency (f0) increases by decreasing the water content or dielectric constant of the 

mixture. In this case, phase inversion happens between WC 25-20% as we see abrupt change 

in fo there. 

It is evident from Figure 67 and Figure 68 that the phase inversion happens at different 

WC values for ramp up and ramp down scenarios. It is referred to as “hysteresis effect” in 

phase inversion phenomenon. One possible explanation for this is as follows. We start the 

experiments with a continuous phase (water or oil) and gradually add the other phase. Since 

the newly added phase has low flow rate initially, it cannot take over the other phase and thus 

the prior continuous phase remains dominant for a longer duration. 

In first experiment, we started to ramp up the water-cut (WC) with oil being the 

continuous phase. We gradually added water at a low flow rate. Water did not have enough 
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momentum (or flow) to take over the oil, oil remained the continuous phase for much longer 

duration i.e., until 60-70%WC. On the other hand, in the second experiment, we started to ramp 

down the WC with water being the continuous phase. Water remained the dominant phase for 

most of the WC range from WC100 to WC25. 

Hysteresis effect can be problematic for a WC or multiphase flow meter (MPFM), 

because the sensor response starts depending on the continuous phase, which is not easy to 

determine. Conventionally, existing multiphase flow meters have been detecting the 

characteristic of the flow, which are specific to the continuous phase. For example, fluid 

becomes conductive (high dielectric loss) in water continuous region while the opposite is true 

for the oil continuous region. Therefore, one way to find out the continuous phase is to measure 

the resistance/impedance of the fluid, which microwave meters are measuring anyways. 

Another possible way to differentiate between water continuous and oil continuous phase is 

that water-continuous mixture has much higher effective dielectric constant (εeff) than oil 

continuous mixture. This is because water has much higher ε’ than oil. Therefore, the effective 

dielectric constant (εeff) of the mixture can also provide an indication about the continuous 

phase. Microwave resonator based sensors measure εeff in the form of resonant frequency (fo). 

So, absolute value of fo can also be an indication of the continuous phase. This is how, the 

proposed meter detects the continuous phase. 

Figure 69 combines the results of two experiments which we had performed at 

relatively low flow rates (10 m3/hr and 30 m3/hr) and we can clearly observe the hysteresis 

effect. 

 
Figure 69. Hysteresis effect in our flow meter's resonator response at low to medium flow rates in lowest salinity 

We can see that the inversion region is quite broad and this is true for low flow rates, 

the reasons for which have been mentioned earlier. In the sensor response recorded for the 

proposed meter, inversion region spans from WC 25-70% (45% of full span). Important thing 

to note is that the sensor responds in a repeatable way outside the inversion region. Moreover, 

absolute resonance frequency (fo) lies in non-overlapping bands in oil continuous and water 

continuous regions. And there exists a distinguishing gap (11% of full scale) between the two 

regions which means that we can detect the continuous phase based on absolute resonant 

frequency (fo). 
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4.4.2. Contraction of “phase inversion” region at high flow rate 
In the previous section, we observed that phase inversion spans over 45% of the WC 

range, which adds significant uncertainty in WC measurements. However, we observed that 

the “phase inversion” region contracts significantly as FR increases. The experiment results 

and the justification of this observation will be given in this section. 

We conducted this set of experiments at FR of 50 m3/hr by ramping up and down the 

WC at different salinity levels. The purpose is to observe the effect of FR and salinity on the 

“phase inversion” phenomenon. Starting with relatively low level of salinity (2.55%), we 

ramped up and ramped down the WC at a FR of 50 m3/hr. Resonator’s resonance frequency 

(f0) in response to changing WC has been presented in Figure 70. As can be seen from the 

figure that “phase inversion” region has been contracted to only 10% (between 30% to 40% 

WC) of full scale. This is because, high flow rate gives more momentum to non-continuous 

fluid to take over the dominant continuous fluid with much ease. That is why, lagging (phase 

inversion) effect is reduced at higher FR. We also observe that f0 changes sharply across the 

phase inversion region, which means that inversion can more easily be detected at high FR. 

 

 
Figure 70. Hysteresis effect of 2-phase flow meter’s resonator response at medium flow rate and low salinity 

Same exercise was repeated at higher salinity levels to see if we observe any effect of 

salinity on “phase inversion”. Figure 71 and Figure 72 present the results of experiments 

conducted in salinity of 4.44% and 8.15% respectively. 
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Figure 71. Hysteresis effect of 2-phase flow meter’s resonator response at medium flow rate and medium salinity 

As can be seen from Figure 71 that the inversion region is restricted to 10% (between 

WC 30% to 40%) of full WC scale, as was observed with low salinity level. It means that 

salinity did not cause any effect on altering the phase inversion region. However, we can make 

an important observation here, which is that the f0 has a positive slope in water continuous 

region at this (medium) salinity level, while the slope was almost zero at low salinity level 

(Figure 70).    

 

 
Figure 72. Hysteresis effect of 2-phase flow meter’s resonator response at medium flow rate and high salinity 

 Figure 72 shows the same experimentation results conducted at highest possible 

salinity. We observe that the “phase inversion” region expanded a bit (15% of full WC span) 

compared to the case with medium or low salinities. We may say that extreme levels of 

salinities may expand the “phase inversion” region a bit. We can also observe that the response 

is very repeatable in water as well as in oil continuous regions as is evident from the overlap 

of the curves. Another observation is that the resonant frequency (fo) increases with increase 

in WC in water continuous region (40%-100%). It must be noted that this trend is opposite to 

what is normally expected because fo should decrease with increase WC as is normally 

observed in oil continuous region (WC 0-30%).  The opposite trend can be explained from that 

fact that salinity, in addition to affecting the dielectric loss, also affects (decreases) the 

dielectric constant of water [50]. 
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4.4.3. Full range WC detection using resonator’s response 
As mentioned earlier that we did not observe “hysteresis” phenomenon during Houston 

flow loop testing. During that stage, we observed overlapping responses of the resonator in 

both the cases of ramping up and ramping down the WC values. Moreover, the change in 

resonant frequency was significant to be detect with full accuracy. In that scenario, WC 

measurement was as simple as mapping the resonant frequency a particular WC value based 

on the look-up table. However, things got complicated when industrial prototype of the same 

design was tested in more realistic test environment of industrial flow loop of NORCE, 

Norway. We made two new observations during industrial flow loop testing. The first 

observation is that “hysteresis effect” does exist in realistic test conditions and the other 

observation is that the resonance frequency does not give high resolution in “water-continuous” 

region as can be confirmed from Figure 67 through Figure 72. In “oil continuous” region, we 

still observe very repeatable f0 response and can map it to unique values of WC. However, f0 

may not reliably be used to detect the WC in water continuous region. This is where 

“microwaves” rescued us, because we can extract the “quality factor” in addition to “resonance 

frequency” from same set of S21 measurements which we performing previously. The next 

section will focus on using the “quality factor” of 2-phase mixture to find WC in water 

continuous region.  

4.4.3.1. Determining WC using quality factor in water continuous region 
The loss of the microwave resonator can be estimated from its quality (Q) factor. There 

is a traditional way to measure the Q factor, which is linked with the relative 3dB BW of the S 

parameter response of the resonator around its resonant frequency (fo). However, in order to 

measure exact value of 3dB BW, high-resolution (more no. of points) S parameter response 

needs to be recorded. Taking more no. of points slows down the sweep rate of the S parameter 

measurements. Measurement speed is not of a big concern as long as the fluid medium does 

not have rapid transients in its water content. This is true for 2-phase measurements so 3dB 

BW using high-resolution data can be obtained in this case. However, fluid becomes very 

turbulent in the presence of gas (3-phase measurements). In this case, fast measurements are 

needed if the resonator is to estimate the dielectric loss using its quality factor. We can still 

estimate the quality factor using the relative 10dB bandwidth. As we are just considering the 

test results in 2-phase environment, we will use 3dB BW to estimate the loss of the fluid 

medium.  

We have measured the Q-factor of the resonator over full range of WC (0% to 100%), 

but it is especially useful in water-continuous region. That is why, we will plot the Q-factor 

values in water continuous region only i.e. WC from 30-40% to 100%. Since Q-factor is a 

measure of dielectric loss of the fluid mixture, salinity (conductivity) affects the Q-factor value 

to a great extent. This is the reason that salinity effect has to be calibrated from the Q-factor 

measurement if they were to be used for WC measurements. That is why, we conducted a set 

of experiments varying the salinity levels and observed the Q-factor of the resonator in water 

continuous region. The FR of the mixture was kept constant at 50 m3/hr during these 

experiments.  

We started the experiments with low salinity level of 2.55% and obtained the results 

shown in . Overall trend seen from is that Q-3dB decreases as WC increases. This is because 

increasing WC causes dielectric loss to increase which eventually decreases the Q factor. This 

is because dielectric loss and Q-factor are inversely proportional to each other.  
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Figure 73. Our flow meter's Q factor plot in water continuous region while ramping up/down the WC in low salinity 

However, we can also see from Figure 73 that Q-3dB response of our flow meter is not 

monotonic. It means that a single value of Q-3dB may not be correlated with a unique value of 

WC in the region of 40-60% WC. An additional measurement would be needed to find a unique 

solution of WC in that region. That extra piece of information can come from resonant 

frequency (fo) which although small but can help in identifying the unique solution. Figure 74 

below shows the resonant frequency (fo) response of our flow meter in the water continuous 

region. 

 

 
Figure 74. Our flow meter's resonant frequency (fo) plot in water continuous region while ramping up/down the WC in low 

salinity 

f0 shows a monotonically decreasing response in the WC range of 40-60%, as shown in 

Figure 74. It means that we can use f0 value in this WC region to uniquely identify the WC, 

while Q-3dB response (Figure 73) can be used in WC range of 60-100%. This way, we can 

combine f0 and Q responses to cover full the WC range from 0-100%. 

 We conducted similar experiment with medium salinity level of 4.55% and obtained 

the Q factors for different WC values in water continuous region. It has been plotted in Figure 

75. 
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Figure 75. Q3-dB response of KAUST flow meter in water continuous region in medium salinity 

It must be noted in this graph that the Q-factor response is monotonically decreasing as 

opposed to what we observed above at low salinity level of 2.55%. Since the response is 

monotonically decreasing, so we do not need any additional parameter to estimate the WC for 

inverse measurements. However, it is an interesting study to make that why does the non-

monotonic Q-3dB response changes to monotonic response by changing the salinity level. 

 Going further, we increased the salinity to high level of 8.15% and obtained the Q-

factor measurements as shown in Figure 76. 

  
Figure 76. Q3-dB response of KAUST flow meter in water continuous region in high salinity 

Just like the previous case (4.44% salinity), we observe monotonic decrease in Q-factor 

by increasing the WC. This observation strengthens our supposition that non-monotonic 

behavior of Q-factor against WC is observed at low salinity levels only. 

4.4.3.2. Key takeaways 
Based on the measured data we presented above, we can draw some conclusions with 

regard to measuring the WC over full range in 2-phase test scenario. The first thing to do is to 

evaluate the continuous phase. As mentioned earlier that continuous phase can be detected 

from the electrical (dielectric constant or dielectric loss) properties of the medium. However, 

we have proposed to use dielectric constant (or f0) to determine the continuous phase. All the 

test cases, presented above depict that there exists a “distinguishing gap” between the resonant 
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frequencies of oil continuous and water continuous regions and one can detect the continuous 

region based on absolute value of the resonant frequency. 

Once the continuous region is found, appropriate algorithm needs to be applied to 

determine unknown WC. For experimental results above, we conclude that f0 is a unique 

function of WC in “oil continuous” region and one can do on-to-one mapping of f0 with the 

WC value in this region. We have obtained very repeatable results over wide range of FR and 

salinity levels, which validates the correctness of the characteristics curves. 

If the continuous region is found to be “water continuous”, one may perform one-to-

one mapping of the Q-factor of the resonator with the WC value. However, we observed some 

non-monotonic behavior of quality factor vs WC at low salinity levels. We have proposed to 

use Q factor in conjunction with fo to come up with a unique value of WC in water continuous 

region at low salinity levels. Figure 77 combines the 3dB Q-factor vs WC curves for different 

salinity levels. 

 
Figure 77. Water salinity (conductivity) effect on Q3-dB response of our flow meter in water continuous region while 

ramping up (U) and ramping down (D) the WC 

It can be observed from Figure 77 that the whole quality factor (Q) curve shifts down 

as salinity level is increased. This is consistent with the fact that the increases in salinity, 

increases the loss and hence decreases the Q factor. Moreover, high WC means higher fraction 

of water with which is mixed the salinity. So, the effective salinity (and dielectric loss) 

increases by increasing WC, which eventually decreases the Q factor. It can be observed from 

the negative slope of the Q factor with respect to the WC. 

4.5. 2-Phase flow rate testing 
As mentioned earlier that extended throat venturi has been integrated with the 

microwave resonator in order to measure the overall FR of the 2-phase mixture. This section 

shows the measured results while evaluating the performance of the venturi.  

4.5.1. Effect of salinity on venturi 
In order to evaluate the effect of salinity on venturi, we plotted the performance of the 

venturi at two (2) different salinity values. 1.9 S/m and 4 S/m conductivities corresponds to 

salinity levels of 1.14% and 2.55% respectively. Figure 78 and Figure 79 show the measured 

differential pressure drop (ΔP) across venturi when meter was installed horizontally and 

vertically respectively. As can be seen from these figures that ΔP increases with increasing FR 
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and this is consistent with the classic venturi theory. Moreover, we don’t see much dependency 

of ΔP on salinity. 

 
Figure 78. Effect of salinity on the performance of venturi at a fixed WC value in horizontal orientation 

 
Figure 79. Effect of salinity on the performance of venturi at a fixed WC value in vertical orientation 

It should be noted that these plots measure ΔP as a function of FR by keeping the 

mixture WC as constant (20%). This is because ΔP depends not only on the FR of the mixture 

but also on its density (or WC value) as seen from eq. 5. In order to see the effect of FR on 

venturi, other parameter i.e. WC had to be kept constant which is 20% in these measurements. 

In real test scenario, our meter is equipped with WC measuring capability (using microwave 

methods), so we can estimate the effective density of 2-phase fluid from its WC value. After 

the density of the mixture is found, one can relate ΔP with the FR using eq. 5.  

4.5.2. Effect of WC on venturi 
As stated above that changing WC results into change in density, which needs to be 

compensated. At first, the venturi pressure drop for varying FRs was determined at a fixed 

value of WC. Afterwards, same experiment was repeated for eight WC values in the range of 

0% to 100%. This way, WC effect on ΔP is characterized and the combined measured results 

are shown in Figure 80.   
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Figure 80. Effect of WC on the dP across venturi in vertical orientation 

It can be seen from Figure 80 that ΔP increases with increase in WC for a given FR. 

This observation is consistent with theory because ΔP is directly proportional to the density of 

the fluid, which increases with increase in WC. So, higher the WC, higher is the density of the 

fluid which eventually results into higher ΔP for a given FR value. 

4.6. Inverse measurements 
After forming the calibration curves of the 2-phase flow meter, we tested it under 

unknown 2-phase fluid fraction and flow rate conditions. The software, which has been 

developed along with the sensors, is capable of recording, storing and interpolating the 

calibration curves for different salinity levels. Multiple curves for different salinity levels are 

automatically interpolated. Based on the salinity of the mixture (to be input by the user inside 

the software), salinity compensation is applied to inverse calculations. Moreover, ΔP curves 

against FR for different WC values are also fed to the software. The software automatically 

chooses the appropriate ΔP vs FR curve based on the measured value of WC, which is 

independently measured using microwave resonator. The users can also let the software 

running for long period and the data measured by the software is periodically stored on the 

backend along with the time stamp. This feature has been provided in the software so that the 

valuable measured data might not be lost due to power outage or sensor/software 

malfunctioning. As mentioned earlier, continuous region is detected by the absolute resonant 

frequency (fo) measured by the VNAs. Software automatically detects the region based on fo 

and applies the appropriate calibration curve (fo or Q) to perform inverse calculation. No human 

intervention is required if the phase inverts from oil to water continuous or vice versa.  

4.6.1. WC inverse testing in 2-phase 
WC was randomly varied from 0-100 % while the FR was also varied from 6,500 bpd 

(43 m3/hr) to 12,000 bpd (80 m3/hr). The flow meter measurements were captured during the 

time interval 13:20 to 16:10 with a break from 14.40 to 15.10. WC was measured from meters 

installed in two orientations i.e. horizontal (measurements shown in red) and vertical 

(measurements shown in green). Like was the case during calibration, there was no mixer used 

upstream of the meters. However, there was a blind-tee installed upstream of vertical 

installation of the meter. 
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While changing the WC between 0-100%, continuous phase used to change from oil 

continuous to water continuous or vice versa. Software automatically detected the continuous 

phase and applied the appropriate algorithm accordingly. The WC was autonomously measured 

by the software and the data was compared with the data obtained from CMR/NORCE flow 

loop, later on. We have plotted the measured WC from our flow meter against the CMR flow 

loop data in Figure 81. 

 

 
Figure 81. Comparison of WC measured by our flow meter with that measured by reference meters of CMR flow loop 

It can be seen from Figure 81 that our flow meters measures WC with decent accuracy 

over full WC range. Moreover, the response time of our meters is sufficiently fast to track even 

the sudden changes in WC as can be seen in water continuous region. The accuracy of WC 

measurement in oil continuous region is better than 1% (absolute) while it is around 2-3% in 

water continuous region. 

4.6.2. FR inverse testing in 2-phase 
As discussed above that the flow rate (FR) of the 2-phase oil/water fluid was randomly 

changed independent of the value of WC. With the help of integrated extended throat venturi, 

our flow meter is also capable of measuring the FR of the mixture. As explained earlier that 

the venturi pressure drop is dependent not only on the FR but also on the density of the mixture. 

If we know the density of water and oil in the production process, we can know the density of 

2-phase mixture as our sensor is already measuring the water fraction in oil. 

Our sensor software automatically takes care of WC compensation in the calculation of 

FR in order to ensure accurate FR estimation irrespective of the value of WC. We have plotted 

the measured FR which was measured by our flow meter in two orientations i.e. horizontal 

(measurements shown in red) and vertical (measurements shown in green) and compared it 

with the FR measured by reference meters of CMR flow loop (plotted in black color). 
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Figure 82. Comparison of 2-phase FR measured by our flow meter with that measured by reference meters of CMR flow loop 

As can be seen from Figure 82 that the FR measured by our flow meter closely follows 

to what is set in CMR flow loop. Sharp change in FR is also tracked with sufficient speed by 

our flow meters. The only significant deviation of measured FR in blue highlighted time 

periods are because of calibration error in WC range of 25-30% and 45-55% for horizontal 

meter. However, this calibration error was just because of human error and can be fixed easily 

with recalibration. 

The FR range, which is measured using our flow meter, is in the range of 6,500 bpd (43 

m3/hr) to 12,000 bpd (80 m3/hr). Lower limit is defined by the resolution of the differential 

pressure transducer which is used in these measurements. However, we have decided to use a 

higher resolution differential pressure (Viatran 574 series) for the field trials, which will help 

detecting much lower FR, hopefully in the range of 1,000 bpd. 

4.7. Hazardous area safe electronics box 
As the meter is to be tested in the field environment, so it is required to build hazardous 

area safe electronics. We would like to acknowledge the guidance received from sensors team 

of Aramco Services Company (ASC) and EXPEC Advance Research Center (ARC) while 

specifying the suitable components. 

As per the requirements conveyed by our collaborator from Saudi Aramco, the 

electronics box should be operated in Class 1 Zone 1 conditions. Most of the components used 

in the readout electronics are not explosion proof, so we had to apply some protection 

mechanism to make them safe to use. In order to contain the explosion inside an enclosure, we 

have used a flameproof Ex-d rated enclosure to house all the electronics items. In case of an 

internal explosion due to any electronic item, Ex-d rated box does not let it to spread to outside 

explosive environment.  

In addition to Ex-d protection, we had to apply “intrinsic safety” protection on the 

interfaces, which come out of the electronics box and are connected with the sensor, which is 

located in explosive environment. The reason to apply protection on such an interface is that 

no electric signal could ignite the explosive gases and no explosion may occur.  Special 

attention was paid to these interfaces, which include RF, Ethernet, Wi-Fi antennas, 4/20mA 

current loop, analog resistance and power. The concept of “intrinsic safety” can easily be 

applied on “SIMPLE DEVICES”. Simple devices/apparatus has been defined in clause 5.7 of 

IECEx standard, which is part of Appendix D of this thesis. 
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In order to make the interfaces intrinsically safe, various components have been used. 

The details of these components is given below. 

1. Extronics ISOLATE 501 isolator combined with ISOLATECT01 is used to make the 

Wi-Fi interface intrinsically safe because the passive antenna is treated as a simple 

device. In here, ISOLATE501 is acting as an isolator to limit the power to be 

transmitted to the antenna while ISOLATECT01 is being used as an explosion proof 

connector transit on the Ex-d box. These Wi-Fi signals will be supplied through 

Phoenix contact FL WLAN 5110 Wi-Fi router which has been selected owing to its 

small size and high ambient temperature rating i.e. 60°C. 

2. R-stahl 9180/10-77-11s isolator is used to protect a single channel Pt100 based 

temperature transducer. The resistance measured at the input is transmitted to the output 

and can thereby be measured by an I/O card. In our case, Pressure Temperature Sensor 

Box (PTSB) will read out the change in resistance and will send this information to the 

software over Ethernet. The auxiliary power, output and intrinsically safe input of the 

isolator are galvanically separated. 

3. Previously we were using a RS-232 based dP transducer from Lord Sensing (DT1912) 

which had low resolution. But now we will use new pressure transducer from Viatran 

(574 series) which is based on 4-20mA current loop. MTL5541 or MTL4541 isolator 

will be used to excite the transducer current loop in an intrinsically safe manner. The 

MTLx541 provides a fully-floating dc supply for energizing a conventional 2- or 3-

wire 4/20mA transmitter, which is located in a hazardous area, and repeats the current 

in another floating circuit to drive a safe-area load. In safe area (inside the Ex-d box), 

our PTSB box (version 2, which is under development) will read out the 4/20mA output 

from the isolator in safe area in order to relate it with the differential pressure. 

4. Four SMA cables are being used to excite and to retrieve the microwave signals from 

the microwave resonators printed on KAUST flow meter. These microwave signals are 

coming and going to latest models of 4GHz Fieldfox VNAs (N9913). These VNAs are 

supposed to have the fastest model which is provided by Keysight in this category. We 

will use four RXS3L0400JXN RF couplers on these interfaces to make the microwave 

circuit intrinsically safe. Being a passive device, microwave resonators will be treated 

as simple apparatus. It must be noted that the SMA cable part numbers have not yet 

been finalized as they depend on their length. And the length of the cables is dependent 

on the distance between the electronics box and the KAUST meter. Preferably, this 

distance should not exceed few meters as long RF cables give more loss to the signal 

and the sensitivity of the sensor can get affected if longer cables are selected. 

5. Combination of BXF3S0101XN040 (hazardous area side) and BAF3A0101XN018 

(safe area side) will be used to make the Ethernet connection, intrinsically safe. 

Manufacturer limits the maximum length between the two connections to maximum 70 

m. That is why, the distance between electronics box and the laptop running the 

software should be in the range of 50-60 m. 

6. Explosion proof bulkhead from ROTA engineering is being used to power the 

electronics box using 220 Vac power supply. 50 m long power cable will be mounted 

on a reel with one side connected to a female bulkhead. The AC power supply will be 

used to power up a series of AC-DC power supplies in order to provide power to 

different electronic components inside the box such as VNA, Ethernet switch, Wi-Fi 

router and PT isolators. 

Figure 83 shows the full block diagram of the electronics box. 
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Figure 83. Block Diagram of Hazardous area safe electronics box with part number indicated on it 

  Based on this block diagram, an assembly drawing has been made by ADALET, which 

is part of Appendix E.  
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Chapter 5.  Compact water-cut sensor suitable for downhole operation 
 

In the last two chapters, we have presented the design details of the lab and industrial 

prototypes for a non-intrusive WC sensor, which is suitable for surface-top (outside well) 

installations. At present, 99% of the WC sensors are installed at the surface after the production 

fluid comes out of the oil well. Modern techniques used in the oil industry, have increased the 

number of multilateral wells, which have multiple horizontal branches. Although oil recovery 

rate has increased by using multi-branch wells however their management has become quite 

complex. In case water makes its way to one of these branches, it gets mixed with the rest of 

production fluid of the well. The WC meters present at the surface can only detect a rise in 

overall WC of the oil well but the exact branch producing water cannot be located. In such a 

scenario, production is halted from the complete well to locate and abandon the water-

producing branch. This inspection process can take several days to complete which causes 

significant loss to the oil companies. This has necessitated the use of individual branch WC 

meters for downhole environment. Consistent with the modern trends in Oil industry, our next 

step is to develop a version of the WC meter, which can potentially be used in downhole 

environment inside the branches of a multilateral oil well. With the downhole installation of 

the WC meters, water-producing branch can be located in real time without requiring any 

inspection tool or causing any downtime of the oil well. 

Although downhole WC meter has many benefits, but it comes with its own set of 

challenges. Firstly, the installation of downhole meters is quite an expensive task. Secondly, 

downhole meters are permanently installed during well completion process so their 

maintenance or recalibration is almost impossible. Therefore, robust sensor and electronics 

design (with preferably minimum number of components) must be used to minimize the 

possibilities of failure. Moreover, space is very limited downhole so compact design is desired. 

This chapter presents the version of the WC sensor, which is suitable for downhole installation 

due to its compact design. It is also shown that the proposed design can be modified to 

accommodate an array of the microwave resonators for other fluid sensing applications. 

5.1. Design of downhole WC sensor 
Downhole sensors are usually installed during well completion process, which are 

extremely difficult to retrieve back at a later stage. That is why, it is very important for the 

downhole design to be compatible with the existing downhole infrastructure. Saudi Aramco, 

along with its partners, is developing a new kind of downhole system, which in addition to 

harvesting power from the fluid flow, communicates the downhole sensor data to the surface-

top infrastructure. This retrievable system is currently equipped with pressure, temperature and 

flow sensors. The existing downhole system makes use of specific material system and 

dimensions as shown in Figure 84. The design of downhole WC sensor has to be compatible 

with these specifications.  

As mentioned earlier, the primary requirement for the downhole meter is its 

compactness. One of the characteristic of the surface-top WC sensor, presented in chapter 3, is 

that it has fringing fields emanating out of the pipe surface just like any other microstrip line 

(Figure 22). Due to this reason, any material in close proximity of the dielectric pipe can affect 

the response of the resonator. This is the reason that industrial version of the WC sensor has to 

be packaged inside a metallic enclosure (chapter 4, Figure 56). However, the dielectric pipe 

and the metallic enclosure must have some clearance between them to avoid close vicinity of 

a metal surface to the fringing fields which may induce unwanted currents. 

Considering the geometric constraints of the downhole system (Figure 84), it becomes 

apparent that the available space is just a little more than 2 inch. This is almost half of the space 
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used for the surface-top industrial version. Due to the limited space available, some design 

modifications are required. A possible solution is to use the external metallic body of the 

downhole system as the ground plane for the resonator. Moreover, there is a metallic core 

(made of INCONEL12 718) in the center of the downhole system (Figure 84) which is required 

for its mechanical integrity. This INCONEL core can be covered with the dielectric PEEK 

material where the microwave resonator can be printed. Since the external metal casing will 

act as the resonator’s ground plane, the fluid flowing between the PEEK and the external metal 

casing will alter the speed of the microwaves, and thus the resonance frequency of the 

microwave resonator will change according to the WC proportion. As the fluid is expected to 

be all around the central core of PEEK, spiral resonator (similar to the ones used in the earlier 

WC sensor designs) can be a good choice. The proposed design for downhole environment is 

shown in Figure 85. 

 

 
Figure 84. Material system and geometric constraints for downhole WC sensor design (a) side view (b) cross sectional view 

 

 

 
Figure 85. Spiral resonator based downhole WC sensor utilizing external metallic casing as ground plane [51] 

                                                 
12 INCONEL 718 is a material of choice for downhole environment due to its excellent resistance to corrosion and post-weld cracking. It is a 

precipitation-hardenable nickel-chromium alloy containing also significant amounts of iron, niobium, and molybdenum along with lesser 

amounts of aluminum and titanium. 
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 There are some design similarities and differences between the downhole WC meter 

and the surface-top version. Similar to the surface-top version, downhole WC sensor consists 

of a spiral shaped resonator stub with an electrical length of λ/4. This shunt stub is fed using a 

microstrip-based feedline (shown in red color in Figure 85) which is printed on top of a 

dielectric separator (shown in white color in Figure 85). Fluid enters the sensing unit from the 

conical side that helps in maintaining the laminar flow. Conical entrance of the sensing unit is 

made of metal and extends to the bottom of the dielectric separator and acts as the ground plane 

for the feedline. With the help of four shorting posts (shown in cyan color in Figure 85), the 

ground plane of the feedline has been electrically shorted with the external metal body. This 

way, after the signal is launched from the feedline, E fields are concentrated between the PEEK 

sleeve and the external metallic casing. 

 In order to confirm, if the E-fields are concentrated inside the fluid region, EM 

simulations have been performed in HFSS. E-fields have been plotted in four equal distance 

cross sections along the length of the resonator and are shown in Figure 86. It shows that the 

maxima of the E-fields (shown in red or green colors) rotate with the spiral resonator and covers 

360⁰ of the fluid area, all around the PEEK tube. This way, the sensor is least dependent on the 

geometric distribution of the fluid around the central core of the downhole sensor. The E-fields 

shown in Figure 86 represents the case of 93% WC. Sensor’s resonance frequency has been 

simulated for 12 different WC levels and the results are shown in Figure 87. 

 

 

 
Figure 86. E-field distribution between PEEK sleeve and external metallic casing 
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Figure 87. Effect of WC on fo of spiral resonator used in downhole WC sensor 

 

 There are few interesting observations in the simulated performance of the downhole 

WC sensor, as can be seen from Figure 87. We observe a sharp decrement in resonance 

frequency of the spiral resonator at WC value of ~18%. This WC value is linked with the 

physical dimensions of the fluid area, as shown in Figure 84. According to the dimensions, we 

have around 10.95 mm space between PEEK and the external metallic casing. This space 

makes up around 18% of the total area available for the fluid. Therefore, when water percentage 

becomes nearly 18%, water and oil interface touches the upper surface of the PEEK, on which 

the spiral resonator is printed. The reason for sudden drop in resonant frequency (f0) is quite 

intuitive across this boundary. It should be reminded here that the resonant frequency is 

decreased due to water as it has higher dielectric constant (ε′). Moreover, water also has higher 

tendency to attract E-fields towards itself due to high value of ε′. At low WC values (below 

18%), oil/water interface level is away from the PEEK surface and EM fields go through the 

oil/water interface. In this scenario, f0 decreases as WC increases. As soon as water comes in 

physical contact with the PEEK surface (WC beyond 18%), E-fields prefer to go through high 

dielectric constant medium, which is water. That is why, f0 is dominantly affected by the 

permittivity of water which is much higher than oil. Due to this reason, we see an abrupt 

decrement in f0 for WC values beyond 18%. It should also be noted that the value of f0 keeps 

on decreasing even beyond 18% WC because the resonator experiences more water content. 

Although small, but the sensitivity is sufficient to discriminate the WC values with a resolution 

better than 1% all over the WC range (0-100%). If the resolution of f0 is not sufficient beyond 

18% WC, we may also rely on the quality factor of the resonator in that region, just like we did 

in water continuous region of surface-top WC sensor. 

As mentioned earlier, the downhole WC sensor need to be compatible with the 

downhole system which is being manufactured by a partner of Saudi Aramco. This WC sensor 

design is also supposed to be fabricated by the same company in order to ensure that 

appropriate material system has been used. However, due to some administrative delays we 

could not get this prototype fabricated from that company. And since the prototype is not  built 

yet, we could not test it in the flow loop. However, since our simulation results have been 

consistent with the measurements in all the previous designs, thus the simulation results for 

this version are also trustworthy. Having said that, a modified version of this design has been 

prototyped in KAUST which investigates the feasibility of integrating multiple sensors in a 

pipe. This design, presented in the next section, also validates the concept of using external 

metallic casing as a ground plane. 
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5.2. Multiple Sensors Integration 
To investigate the feasibility of integrating multiple sensors along a single pipe 

circumference and also to validate the concept of using external metallic casing as a ground 

plane for the microwave resonator, an EM simulation model has been setup, as shown in Figure 

88. The zoomed-in view can be seen in Figure 89. It should be noted here that a flat T-resonator 

has been used instead of a spiral one, due to the reasons explained later in this section. 

Nonetheless, the concept for external metal casing acting as a ground plane works in a similar 

way for both type of resonators. Consistent with the downhole design, the central dielectric 

core acts as the substrate for the feedline and the λ/4 shunt stub. Feedline is printed on a 1mm 

thick white dielectric separator, as shown in Figure 88. Feedline has a ground plane on the 

dielectric core, which is electrically shorted with the external metallic cylinder with the help of 

a shorting post. With this setting, the external cylinder acts as the 3D ground plane for the λ/4 

shunt stub.  Presence of any dielectric medium in between the central core and the external 

metallic cylinder will change the speed of the microwaves and hence the resonance frequency 

of the resonator. 

 
 

 
Figure 88. Stage 1 of the design of a modified T-resonator based level sensor [51] 

 
Figure 89. The zoomed-in view of the sensor near the feedline area [51] 

If we observe the E field distribution in the cross section of this design (shown in Figure 

90), it can be seen that most of the fields are concentrated in the 45° wedge region between the 
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central core and the external metallic cylinder. From this, it can be deduced that the coverage 

sector of a single resonator is around 45° and up to eight similar resonators (sensors) can be 

packed on the core to cover the complete circumferential region of the pipe. It is evident now 

that for this approach of multiple sensors, spiral resonator is not suitable. The interesting feature 

of using an array of resonators is that each one of them can sense the fluid in its respective 

sector of 45°. An interesting observation here is that the external metallic cylinder acts as the 

common ground plane for all the T-resonators, which is the key to a compact (and possibly 

multi-directional) downhole WC sensor.  

 

 
Figure 90. Cross sectional view of the E field distribution in between central core and external metallic cylinder [51] 

However, there is a challenge associated in integrating eight resonators in the pipe. 

Despite the fact that majority of the E-fields from these sensors are restricted to their own 45° 

sector, but it is possible that some fringing fields interfere with the neighboring sectors. In 

order to ensure that it does not happen, metallic shielding has been introduced in between these 

sectors, as shown in Figure 91. With this setting, a change in the dielectric properties of any 

sector will affect the resonance frequency of the resonator of that sector only. This design is 

capable of characterizing the fluids in eight different sectors. For example, the liquid level can 

be measured in eight different columns, which is the volumetric fraction of liquid with respect 

to air and is very similar to measuring the water fraction in oil. 

 

Figure 91. (a) Proposed microwave sensor for simultaneous sensing of 8 liquid columns (b) Breakdown of the design [51] 
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5.3. Fabrication 
The proposed multi-resonator design, that can be used as a WC or level measurement 

sensor for multiple fluids simultaneously, has been validated by fabricating its prototype.  For 

the sensor prototype, central core has been made of acrylic tube with an outer diameter of 

50mm and wall thickness of 2 mm. Placeholder for printing ring ground plane for the feedlines 

has been etched from the top surface of the central core, as shown in Figure 92(a). With the 

help of the 3D printed alignment mask, blue masking tapes are pasted on the acrylic tube to 

screen-print, eight mutually aligned λ/4 shunt stubs based resonators. 

Side view of the central core with masking tape is shown in Figure 92(b) while its top 

view is shown in Figure 92(c). Central core, with eight screen-printed stubs on it, is shown in 

Figure 92(d). In order to feed microwave energy to these resonators, feedlines have been 

printed on the 3D printed dielectric pieces (shown in black color in Figure 92(e)) which also 

separates the feedlines from their respective ring shaped ground planes.  

Aluminum based outer metallic cylinder has been machined (as shown in Figure 93 (a)) with 

eight slits in it. In order to isolate the 45° sectors from each other, eight aluminum based 

metallic strips are prepared, as shown in Figure 93 (b), and these are diagonally inserted into 

the metallic cylinder and then conductively shorted to it. Eight dielectric containers have also 

been 3D printed (as shown in Figure 93 (c)) to contain different liquids under test (LUT). Eight 

ground shorting screws have also been fabricated, as shown in Figure 93 (d)) to short the ring-

shaped circular ground (acting as ground for the feedlines) with the external metallic cylinder 

(acting as common ground for the eight resonators). Fully assembled prototype is shown in 

Figure 93 with its side and top view shown in Figure 93(e), (f) respectively. 

 

 
Figure 92. Fabrication steps of the central core (a) Central core made of acrylic tube with markings for circular ring for the 

feedlines (b) Central core with screen-printed ring ground and masking tapes (c) Top view of the masked acrylic tube (d) 

Central core with stubs, feedlines and their 3D printed separators [41] 
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Figure 93. Fully assembled prototype of the sensor (a) Aluminum based external cylinder (b) Aluminum based metallic strips 

for 45° sector isolation (c) 3D printed container to contain liquids under test (LUT) (d) Aluminum based screws to short the 

circular ring ground (for feedlines) to the external metallic cylinder (ground for the resonators) (e) Side view of the assembled 

sensor (f) Top view of the assembled sensor [51] 

 
Figure 94. Step by step flow of sensor operation (a) Step 1: S21 response of the sensor is recorded using VNA for different 

liquid volumes (b) Step 2: f0 extracted from the S21 response is interpolated against liquid volumes and this characterization 

curve is fed into the PC software (c) Step 3: Sensor is exposed to any unknown liquid amount and the sensor’s S21 response is 

extracted by the software through Ethernet connection with the VNA (d) Step 4: PC software extracts the f0 from the S21 

response and maps it with the interpolated characterization curve of the sensor for that particular liquid. The mapping 

converts f0 into the liquid volume in real time [51] 

5.4. Test results 
Sensors’ operation and performance is discussed in this section. Firstly, sensor is 

exposed to known liquid levels and a database of characteristic response of the sensor is 

formed. This procedure is repeated for all the eight resonators in the sensor prototype. The 

database is linked with a custom designed computer software. For the measurement of an 
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unknown liquid level, sensor’s resonance frequency is compared with the database to give the 

value of the unknown liquid level. This section will also describe the calibration procedure, 

which can help in improving the measurement accuracy. 

5.4.1. Operational flow of the sensor 
As highlighted above, the resonance frequency of the sensor changes with the liquid 

level or volume which is measured using 2-port transmission parameter (S21) of the T-resonator 

using N9923A handheld vector network analyzer (VNA) by Keysight Technologies. 

Sensing the level of a particular liquid requires four steps, which have been summarized 

in Figure 94. First of all, a particular liquid compartment is filled up with different amounts of 

liquid and the transmission coefficient (S21) curve over the frequency range of 100MHz to 

200MHz is recorded using VNA. Just like the resonators presented in the previous chapter, this 

modified T-resonator based sensor also has a band-stop response. It means that the microwave 

energy is blocked from one port to the other at the resonant frequency (f0). S21 curve for a 

particular liquid level is shown in Figure 94 (a). 

Since air has the lowest value of εr=1, effective εeff value (combination of air and the 

liquid) increases as the liquid level in the fluid compartment is increased and it causes f0 to 

decrease. Figure 94 (b) shows the f0 values obtained for different volumes (or levels) of a 

particular liquid. This is the characterization curve specific to a particular liquid and is fed into 

the custom designed software. This process is repeated for eight liquids each one of which has 

its own characteristic curve. 

After that, liquid compartment is exposed to any unknown liquid level. The S21 

response obtained from VNA is transferred to the PC software through Ethernet cable, as 

shown in Figure 94 (c). The resonant frequency is extracted from the S21 curve and is mapped 

to the characterization curve of that particular liquid which is already present in the software. 

This way software converts the f0 into “measured liquid volume/level” in real time as shown 

in Figure 94 (d). The following sections will discuss the sensor operation in detail. 

5.4.2. Sensor characterization 
The sensor has been characterized using a test setup shown in xxx. Sensor’s response 

can be correlated either with the liquid level (vertical liquid height from the bottom of the 

sensor) or the associated volume which liquid fills up in the compartment corresponds to that 

particular liquid level. All the measurement curves presented in this section will use liquid 

volume. 

At first, the sensor is characterized for the intended list of liquids. Eight liquid 

compartments are filled up with a volume from 0mL to 60mL with a step size of 5mL. 

 
Figure 95. Test setup to measure the unknown liquid amount [51] 
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Figure 96. Measured S21 of sensor # 1 filled up with different volumes of water [51] 

 
Figure 97. Characterization curve obtained from sensor #1 with water liquid [51] 

Figure 96 shows the S21 response curves of sensor (resonator) #1 for different liquid 

volumes of water used in container #1. It can be confirmed from this figure that the resonance 

frequency decreases with the increasing amount of water volume. The resonance frequency has 

been extracted from these curves and plotted against the water volume (inside container #1) to 

form the characterization curve as shown in Figure 97. This curve acts as a lookup table, which 

at a later stage, can be used for real time measurements of any unknown water level in container 

#1.The characterization curve, shown in Figure 97, has a generic shape and can be divided into 

3 regions i.e. start region, mid region and end-region. Start region ranges from 0 mL to 5 mL 

in volume (or 0 mm to 24 mm in water level) where the sensitivity of the sensor is relatively 

low because the liquid is only exposed to the weak fringing fields of the shunt stub. This region 

can be further minimized by either extending the length of the stub a bit or increasing the 

bottom base thickness of the liquid container. Then comes the mid region ranging from 5 mL 

to 35 mL volume (or 25 mm to 170 mm of level) where the sensor shows the linear change in 

resonant frequency with respect to the liquid volume/level. In the end comes the “end region” 

which ranges from 35 mL to 60 mL volume (or 170 mm to 290 mm of level) where the 

sensitivity of the sensor is less compared to the mid region. This is because the percentage 

change in εeff gradually decreases as the container is filled up with the liquid. 

Similar characterization curves for seven other resonators with seven other liquids i.e. 

Methanol, 1-Butanol, 2N Butoxy Ethanol, 2-Butanol, Ethanol, IPA and vegetable oil have also 

been obtained. The S21 responses and the characterization curves of all the liquids are shown 



97 

 

in Figure 98 and Figure 99. From those characterization curves, it can be observed that all the 

curves have a similar shape, which can be divided, into same 3 regions as mentioned above. It 

can also be observed from those curves that the liquids having higher dielectric constant like 

Methanol show more percentage change in resonant frequency compared to the liquids with 

lower dielectric constant like vegetable oil. However, the starting point (air response) of these 

curves are not exactly the same, mainly because of the fabrication imperfections, which can be 

minimized with precise industrial machining processes. 

5.4.3. Real Time Sensor Operation 
The characterization curves of all the eight sensors are stored in the PC software. These 

curves act as the lookup tables for measuring the unknown liquid amount. Appropriate 

characterization curve can be selected in the software based upon the LUT. As the liquid is 

poured into the container, the connected VNA records the S21 curve, which is read by the 

software using an Ethernet connection. Software extracts the resonant frequency from the S21 

curve and maps it with the appropriate lookup table and transforms the reading into the 

measured liquid volume. Real time reading of the measured liquid level is then displayed on 

the time scale, which can be used for process automation or can also be exported and used for 

data analytics. 

To evaluating the performance of the sensor, all the eight containers are filled up with 

unknown liquid volumes in the range of 0 mL to 60 mL, which has been plotted on x-axis of 

Figure 98. The liquid level, determined by the sensor using the procedure mentioned above, 

has been plotted on the y-axis of Figure 98.  

The green line represents the ideal case of measurement matching the exact 

amount/level of liquid used for the experiment. It can be seen from Figure 98 that most of the 

red dots, which are the actual measured data points, are very close to the ideal green curve. 

Any deviation of red dot from the green curve represents the error in measurement. It can be 

seen from all the measurement curves that the measurement error is very minor for sensing the 

unknown liquid volumes. It is worth mentioning here that the liquid compartments are not 

tightly packed so that they can be easily removed for servicing. However, it also results into 

their misalignment with respect to the resonator, every time they are put back into the sensing 

unit after servicing. This misalignment causes a shift (offset) in sensor’s response which is 

responsible for the slight error observed while measuring some of the liquids. 

The testing on the eight sensors has been performed sequentially in this experiment. 

However, there should be an automated way to measure the response of all the eight resonators. 

For that purpose, two sets of “Single Pole Eight Throw (SP8T)” MMIC based multiplexers can 

be integrated with the sixteen ports of the sensor to simultaneously sense eight liquid levels (or 

WC value in eight different directions). 
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Figure 98. Sensor performance for different liquids including water, methanol, 1-Butanol, 2N Butoxy Ethanol, 2-Butanol, 

Ethanol, IPA, Vegetable oil [51] 

 
Figure 99. S21 responses of 8 sensor channels to 8 liquids for different liquid levels ranging from 0mL to 60mL [51] 

5.5. Summary 
This chapter has presented the design of a new type of compact WC sensor which is 

compatible with the downhole system being developed by Saudi Aramco. We have shown that 

we can cover full WC range (0-100%) by measuring the f0 and possibly the loss tangent (tan 

δ) of the liquid using a spiral resonator, which uses external metallic casing as its ground plane. 

While we were waiting for the downhole WC sensor to be fabricated by the partners of Saudi 

Aramco, we simulated an alternate design which makes use of external metallic casing as the 

ground plane of the planar resonators and can integrate multiple resonators. In this design, we 

can possibly detect the dielectric properties (ε′ and ε″) in eight directions. This multi-resonators 

design uses external metallic casing as a common ground plane, which makes the design 

compact. Spiral resonator can be used for ultimate WC sensor if minimal electronics is 

preferred while the T-resonator array (along with MMIC multiplexers) can also be used instead, 
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if dielectric sensing in multiple directions is desired. This design is initial proof-of-concept, 

which has been tested using a VNA. However, we can integrate the downhole WC sensor with 

the microwave oscillator design similar to the one shown in section 3.8.1.  
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Chapter 6.  Microwave based pipe-joint leak detector 
 

So far, this thesis has presented smart monitoring solutions for production fluids. The 

oil is transported through a network of thousands of kilometers long pipelines, after leaving the 

production facility. Most part of this network lies in remote areas with harsh outdoor 

conditions. Currently, these pipelines are periodically monitored for the points of failures but 

any incidences of leakages are not automatically reported. Leakages from pipelines are low-

probability but high impact events for distributors of crude/refined oil. Several techniques 

including geological surveys, fiber optics, acoustics, pressure drop analysis and mass 

imbalance are in use to detect the leakages. However, all these techniques have their own 

drawbacks such as low sensitivity, high false alarm rate and process parameter dependencies. 

Pipe joints, being the most prone to leakages, have been targeted in this work for real-time 

leakage monitoring. Instead of relying on indirect indicators such as vibration and pressure 

drop, we are proposing a new kind of microwave leak detector, which can easily be clamped 

on existing pipe joint. This chapter presents the design of a conformal microwave sensor, which 

can detect the leakage by sensing the dielectric properties of the leaked fluid. Details about the 

low cost fabrication of the microwave leakage detector are also presented. EM simulations of 

the design are shown in this chapter that match well with the measurements. 

6.1. Design of a Pipe-Joint Conformal Leak Detector 
All the existing leakage detection systems (LDS) have one thing in common, their 

measurements are based on an indirect parameter instead of the leaked medium itself. This is 

the reason that such LDS suffer from high false alarm rate making most of the systems 

practically infeasible. 

Microwaves offer various methods to detect the change in material properties and have 

been in practice since many years [38]. EM waves are being used in geological surveys to 

detect the change in soil properties caused by the leaking fluid [39]. However, the problem 

with such surveys are that these are not real-time LDS. Instead, the leakage stays undiscovered 

until the survey is performed. 

The focus of this work is to use microwaves in an effective way to directly sense the 

leaked medium from the location that is most prone to the leakages. Joints are known to leak 

due to various reasons such as wear and tear and nut/bolt loosening due to the adoption of non-

standard methods of tightening. This part of the thesis focuses on designing a pipe-joint 

conformable leakage detector, which could sense the leaked medium coming out of the pipe 

joint. A design with circular shape can be beneficial as far as conformability to the pipe joint 

is concerned. To this end, “Ring resonator” is a good candidate for this purpose as it is circular 

in shape and has been used previously for detection of the dielectric properties [52]. A standard 

ring resonator on top of a flat substrate is shown in Figure 100. The ring is capacitively coupled 

using two feedlines which are 180⁰ apart. According to the theory, mode frequencies of the 

ring resonator satisfy the equation 2ΠRm=nλg with n=1,2,3, … where Rm is the mean radius of 

the ring, n is the mode number and λg is the guided wavelength [53]. It means that a standing 

wave in the ring resonator is generated at a frequency (known as its resonance frequency) at 

which mean radius of the ring is equal to integer multiple of its guided wavelength (λg). As λg 

is dependent on the dielectric properties of the ring resonator substrate, one can extract 

dielectric properties using the resonance frequency of the ring resonator.  
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Figure 100. A ring resonator on top of a flat dielectric substrate 

Exploiting the circular shape of the ring resonator, the proposed design of the pipe-joint 

conformal sensor is shown in Figure 101. This sensor can detect a leaked medium directly and 

can provide the necessary early warning of a leakage instance. The proposed microwave leak 

detector has been designed keeping in mind its compatibility with the existing joints. The 

sensor design has been built around a standard 1″metallic flange13. Most of the flanges are 

bolted together with an O-ring sandwiched between the two pieces. The space in between the 

flanges has a high probability of leakage. This is the location where the ring resonator is placed 

because the circular periphery of the flange is suitable for a ring-resonator implementation.  

 The idea is to absorb the leaked fluid from the flange into a 3D porous ring (3DPR) 

whose changing dielectric properties can be sensed by the shift in the resonance frequency of 

the ring resonator [54]. 3DPR is shown in pink color in Figure 101. 

 
Figure 101. HFSS simulation design of a clamp-type leak detector utilizing a stripline based ring resonator [55] 

                                                 
13 44685K13 part number from McMaster 
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The ring resonator is realized on the curved surface of the metallic flange, which acts 

as the bottom ground plane of the resonator. The 3DPR separates the ring resonator from the 

bottom ground plane. Under normal circumstances (no leakage), 3DPR is filled with air. As 

soon as the leakage of the oil or water happens, porous (empty) space in 3DPR is filled up with 

the leaked fluid. Figure 102 shows only the ring resonator on top of 3DPR, while all the other 

components of the pipe joint (including flanges in the bottom and clamp on the top) have been 

omitted for the sake of clarity. It can be seen from the figure that the leaked medium fills up 

the empty space inside the 3DPR and changes its effective dielectric constant [56].  

 
Figure 102. Ring resonator, without showing the flange in the bottom and clamp on the top 

In order to protect the sensor from external effects and to shield the EM fields of the 

resonator, a metallic enclosure has been designed which can easily be clamped on to a pipe 

joint. A split view of the enclosure is shown in Figure 101. This metallic enclosure also serves 

as the top ground plane of the ring-resonator while a machined piece of PVC separates the 

enclosure from the top surface of the resonator. The flange, which serves as the bottom ground 

plane of the resonator, is shorted with the enclosure of the sensor using the side walls, as can 

be seen in Figure 101. In summary, ring resonator operates in an asymmetric stripline mode 

whose top dielectric (PVC) is fixed in terms of its dielectric properties while the bottom 

dielectric (3DPR) changes its effective dielectric properties as per the leakage conditions. 

6.2. EM simulations of leakage detector 
The proposed design has been simulated in HFSS software. The sensor can detect the 

leakage of any fluid medium. However, for simplicity in experiments later on, water has been 

used as the liquid medium for these simulations. Water leakage is much easier to measure in 

experiments as compared to oil or other fluid leakages. Figure 103 demonstrates the simulated 

shift in resonance frequency of the ring resonator when it is exposed to varying leaked volumes 

of water. There are some important observations in the simulated response of the sensor. 

Firstly, the resonance frequency (f0) decreases as the leakage volume is increased. This 

observation is consistent with the theory because more leakage means that more air volume in 

3DPR is replaced by the leaked medium and since all the liquids have relative permittivity 

greater than air, so f0 decreases. Secondly, sensor is sensitive enough to reliably detect even a 

minute leakage of 0.3 mL. High sensitivity makes the proposed design suitable for detection 
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of the leakages at a very early stage. High accuracy of the sensor (due to direct measurement 

of the leaked medium) helps the sensor to minimize the false alarm rate. 

 
Figure 103. Simulated response of the clamp-style leak detector under different leakage volumes of water [55] 

 

As mentioned above, fundamental resonance of the ring resonator should happen at a 

frequency where guided wavelength becomes equal to the mean circumference of the ring [54]. 

The ring circumference of 373mm becomes equal to one guided wavelength at approximately 

530-550MHz of frequency, and we have observed from the simulations that ring resonator 

resonates at 580 MHz in the absence of the leakage. It means that theoretical estimation of the 

resonance frequency is quite close to the simulated results.  

In order to confirm that proper ring resonator mode is excited in the proposed structure, 

we have plotted the E-fields on the surface of the kapton tape at which ring resonator is printed. 

At 1GHz frequency (2nd mode of ring resonator) ring should have four E-field maxima points 

along its circumference [54]. It has been validated from the simulation results, as shown in 

Figure 104. We can also see from this figure that E-fields, which exist in the 3DPR (inside of 

the ring), are perturbed when exposed to varying leaked volumes. This E-field perturbation is 

responsible for the change in the resonance frequency of the ring resonator. 

 
Figure 104. E field distribution at 1GHz inside the fixed piece of PVC dielectric lying on top of the ring resonator as well as 

3D porous ring (3DPR) lying underneath of it [55] 

The pores present in 3DPR are filled up with the leaked medium as leakage increases. 

It results in increased effective dielectric constant (εeff) experienced by the ring-resonator. 
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Consequently, the resonance frequency of the resonator decreases as it is inversely proportional 

to εeff. This has also been confirmed by the simulated results shown in Figure 103. 

6.3. Fabrication of the leak detector 
The proposed leakage detection system (LDS) is effective only if it is installed over the 

complete fluid transmission network. This means that large numbers of such sensors will be 

required and thus it must be cost-effective. Due to this reason, low-cost fabrication techniques 

such as 3D and inkjet printing have been employed. The dielectric porous ring has been realized 

through 3D printing, as can be seen from Figure 105, while the ring resonator has been inkjet 

printed on a 125µm thick kapton tape. The tape has been cleansed using ethanol followed by 

printing of 4 conductor layers of ANP (Ag Nano Particles) ink using 10pL cartridge. Drop 

spacing of 40µm has been used to achieve the desired feature size. The sample has been cured 

at 140⁰C for 30 minutes to achieve the desired conductivity. As can be seen from Figure 105 

that the resonator is printed as a straight line which is then wrapped around the 3DPR. 
 

 
Figure 105. 3D printed porous ring (3DPR) and kapton tape with inkjet printed ring resonator [55] 

The protective clamp-type enclosure for the sensor has been fabricated through lathe 

machining, 3-axis milling and wire electrical discharge machining. The sensor assembly 

requires a simple 2-step process as depicted in Figure 106. 
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Figure 106. Visual description of two-step assembly procedure of proposed leak detector [55] 

The assembly of the leak detection system does not take more than few minutes for 

installation. The final assembly after following the two-step procedure is shown in Figure 107. 

 

 
Figure 107. The flange assembled with proposed leak detection system [55] 

6.4. Leakage measurements 
The leak detector can easily be mounted on any existing pipe-joint using a simple two 

step procedure as shown in Figure 106. In the first step, the main sensing element comprising 

of a stripline based ring resonator is wrapped around a 3D printed porous material. This 3D 

printed piece is then slipped on top of the flange. In the second step, the sensing ring is 

protected by a clamp-type metallic enclosure, which not only protects the sensor from extreme 

environmental conditions but also helps in avoiding false alarms due to rain. 
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In an effort to make the system practically usable and as close to reality as possible, 

certain challenges have been faced during the measurements. For example, limited space for 

RF connector left us with no option other than using a µFL connector. However, it is quite 

challenging to make a robust bond between the connector and the curved plastic substrate while 

maintaining the required conductivity. Very precise amounts of conductive and insulating 

epoxies have been used in a proper order for this purpose. This challenge can be overcome in 

a real system by making a direct connection of the resonator with an oscillator based readout 

circuitry. 

Additionally, it has been quite challenging to manually fill the porous substrate with 

precise amounts of liquids. This is because the liquid volumes, being sensed, are pretty small 

and can also wobble inside the 3D porous ring (3DPR). Nonetheless, with careful 

measurements, the response of the proposed leak detector has been recorded under different 

leakage conditions, as shown in Figure 108. It can be seen from the comparison of red and 

green curves in Figure 108, that a water leakage inside the flange, as low as 0.3mL, can be 

detected. 

 

 
 

 
Figure 108. Measured response of the proposed leak detector under leak conditions [55] 

The trend of shift in resonance frequency is the same in simulations (shown in Figure 

103) as well as in the measurements (Figure 108). The resonance frequency of the ring 

resonator decreases with the increase in volume of the leaked fluid. The resonant frequencies 

of simulated and measured systems have been plotted together in Figure 109, where it can be 

concluded that the proposed leak detector can not only detect very small amounts of leakages 

but can also predict the magnitude of the leakage, a feature that is not commonly available in 

the existing leak detectors. The gap between the simulated and measured resonant frequencies 

can be due to slightly different dielectric constants of the substrates used in the simulations 

compared to the real measurements. Measured data can also be little off from simulations 

because we have used µFL connectors in the fabricated prototype whose effect was not 

considered in simulations. Another observation we can make from Figure 109 is that more 

discrepancy in simulations and measurements is observed at higher leak volumes, which can 

be because of measurement errors such as non-precise use of liquid volume during 

measurements. 

It can also be observed from the comparison of simulated and measured S21 response 

of the sensor (Figure 103 and Figure 108) that the measured loss of the ring resonator is higher 
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as compared to the simulations. This can potentially be because of the low conductivity of the 

inkjet-printed metal, which is assumed to be higher in the simulations. 
 

 
Figure 109. Comparison of simulated fundamental resonance frequencies with measured fundamental resonance frequencies 

[55] 

At present, the proposed system uses readily available 3D printed and PVC materials 

in its fabrication. However, these materials can easily be replaced by some other high pressure 

and high temperature (HPHT) tolerant dielectric materials such as PEEK used for industrial 

version of 2-phase flow meter. Such materials can easily work up to high line pressures and 

temperatures as high as 125⁰C. All other materials used, such as steel-304, kapton and silver 

ink can withstand high temperatures. Thus, it is expected that very little modification will be 

required in the packaging of the sensor before it can be used for practical applications.  

6.5. Summary 
In this chapter, we have demonstrated a leakage detection system, which measures the 

actual leaked medium instead of relying on any indirect parameter measurements. The 

presented approach can sense leakage as small as 300µL, which is not achievable by any 

indirect measurement technique. The presented design is easily scalable for larger pipe sizes 

by scaling-up the size of the resonator. In future, a microwave oscillator can be integrated with 

the ring resonator to detect any changes in the resonance frequency. Ring resonator acts as a 

band-pass filter and is easier to integrate with the microwave oscillator due to the reasons 

discussed in section 3.8.1. This will eliminate the need of any measurement equipment such as 

VNA and thus a self-contained leak detection system can be developed for smart joints of the 

future. The readout circuitry can then be integrated with a microcontroller and GSM chipset to 

inform the concerned authorities about the leakage incidence in an automated manner. 
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Conclusion and Future Work 
 

This thesis focused on the design of low cost microwave sensor designs, which can 

conform to unconventional shapes such as pipes, rods and pipe-joints. This work is a step 

towards an IoT enabled oil industry, which will require millions of low cost sensors in order to 

make the oil production process as safe and efficient.  

Microwave technology is leading worldwide if we look at the market survey report of 

existing WC meters. However, microwave WC meters are intrusive in operation, which causes 

undesirable pressure drops in the pipelines. Moreover, flow intrusion also lowers the life of the 

sensor due to wear and tear effects. To the best of author’s knowledge, no existing microwave 

meter works reliably without requiring the fluid mixing. Mixing is an additional requirement 

on the site, which may not always be accommodated due to space limitations. This work has 

presented first of its kind, non-intrusive and orientation insensitive microwave based WC 

sensor which is capable of covering full WC from 0% to 100% without requiring any mixer. 

The robustness of the new WC sensor design has been validated from its decent performance 

in rigorous test environment of the industrial flow loop. The meter is now ready for the field 

trials, as it has obtained the necessary certifications to operate in explosive field environment. 

This thesis also presents a compact version of the WC sensor which is suitable for 

restricted downhole environment. Due to the challenging downhole environment, very few 

downhole WC meters have been installed to date. The downhole WC meter is compatible with 

retrievable sensory platform, being developed by Saudi Aramco. We envision the multilateral 

wells of the future to have integrated WC measurement capabilities. It will enable the water 

cut measurements inside the well in real time, which will eventually enhance the production 

efficiency by decreasing the maintenance time. Immediate remedy actions will be possible with 

real time WC measurements in downhole environment. 

Consistent with the IoT concept, last part of the thesis focuses on automating the 

leakage incidence reporting during oil transportation. We have proposed the concept of “smart 

joint” which has embedded microwave based leak detector in it. In future, other sensors such 

as temperature, pressure and flow can also be integrated with the “smart joint”. The proposed 

sensor is conformal to the shape of the joint and can easily be installed on existing pipe 

infrastructure. Auto reporting of leakage incidence will eliminate the need of periodic manual 

inspection of the pipelines and will significantly improve the downtime of the pipeline. 

This thesis has primarily focused on 2-phase sensing which involvs water and oil, but 

in future efforts must be made to measure the gas phase as well. Varying salinity levels are 

known to affect the performance of microwave based WC sensors, so additional work needs to 

be done for inline salinity calculations. For this purpose, one may use a pair of resonators 

operating at two different frequencies. By measuring the dielectric loss at two different 

frequencies, one can estimate the salinity value of the mixture. As mentioned in this thesis that 

compactness of the meter is another desired feature which needs to explored further. More 

work needs to be done in order to measure the phase fraction as well the flow rate in a compact 

and non-intrusive fashion. New flow sensing technologies needs to be investigated which can 

seamlessly be integrated with the microwave resonator designs presented in this thesis. This 

will lead to the development of commercially viable multiphase flow meter, which currently 

has a market size of over 1 billion USD.  

At present, WC sensors have been tested using handheld Vector Network Analyzers 

(VNAs) which are not feasible to be used in the field environment due to its cost and size 

requirements. For that matter, a compact and low-powered readout circuitry needs to be 

integrated with the microwave sensor. The integration of a customized readout circuitry with 

the microwave sensor would lead to a self-contained and low cost WC or possibly MPFM. 

Some initial work has been done on designing the readout circuitry for the proposed sensors. 



109 

 

A microwave oscillator core has been integrated with the microwave resonators, which act as 

the frequency selective element for the oscillator. Change in resonant frequency of the 

resonator causes a shift in oscillation frequency of the oscillator, if appropriate phase and 

amplitude conditions are met. However, it is quite a challenge to meet amplitude and phase 

conditions over broad range of frequencies. In our initial work, we are able to achieve ~30% 

bandwidth but more work needs to be done to increase this bandwidth further. There is need to 

come up with new oscillator topologies which can offer enhanced bandwidth. Moreover, the 

readout circuit explored so far is capable of measuring the oscillation frequency only from 

which we can extract the real part of the permittivity (ε′), however, more work needs to be 

done so that the imaginary part of the permittivity (ε″) can also be measured. 

Besides, exploring oscillator based readout circuitries, some off the shelf (OTS) 

microwave reflectance RFICs (such as ADL5920) can also be used to develop a robust and 

compact readout circuit for WC sensors. The benefit of using OTS reflectance RFICs, 

compared to VNAs, would be the compact size, low cost and low power requirement. Although 

OTS RFIC based solution might be a little costly than customized oscillator design, but RFICs 

come with wide range of standard communication options which will be beneficial for its easy 

integration with the industrial protocols.   

A proof of concept of pipe-joint conformable leak detector has been presented in this 

thesis. At present, we only have “leak detector” as part of the smart pipe joint, but in future, 

more sensors such as pressure, temperature and corrosion would be beneficial to have in it. 

Some additional work has to be done on its wireless readout circuitry as well. Maximum IoT 

benefits can be achieved if we can integrate wireless communication with the “leak detector” 

so that the leakage incidences can be reported in an automated fashion.  
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Appendix A 
 

Fabrication of lab prototype of orientation insensitive WC sensor 

 
After confirming that the WC sensor is no longer dependent upon the geometric 

distribution of oil and water inside the pipe, this design has been fabricated using silver paste 

and patterned using 3D printed mask. Systematic fabrication process is shown in Figure 110. 

 
Figure 110. Fabrication steps of dual helical resonator-based WC sensor [45] 

At first, a circular-shaped ring ground is patterned using silver paste on an acrylic pipe 

with outer diameter (OD) of 50 mm [Figure 110(a)]. In order to precisely pattern the helical 

resonators on top of the acrylic pipe, a 3D printed mask is fabricated using a 3D printer, i.e., 

Objet260 connex1. This mask has a hollow cylindrical interior with inner diameter (ID) of 50 

mm, so that it can be placed on top of the pipe surface. The mask has two hollow helical patterns 

one of which corresponds to the helical signal and the other to the helical ground [Figure 

110(b)]. Markings have been made on the pipe surface with the mask placed on the pipe. The 

mask is then removed and the area which is not to be silver pasted has been covered with the 

masking tape [Figure 110(c)]. LPKF pro-conduct silver paste was then poured on the pipe 

surface and leveled using squeegee. Masking tape is then removed and the similar procedure 

was repeated for the other resonator on the opposite side of the pipe [Figure 110(d) and Figure 

110(e)]. Similarly, feedline was also patterned on a 3D printed dielectric separator piece 

[appearing as black in Figure 110(f)], which was used to isolate the feedline from the ring 

ground. The feedline was then connected with the helical stub using conductive epoxy [Figure 

110(f) and Figure 110(g)]. The feedline on top of this separator piece helps launching a 
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microwave signal from one port, which is then received on the other port of the feedline after 

passing through the helical structure. SMA connectors are then mounted between the feedline 

and circular ground plane. Since the structure has two independent two-port resonators, a total 

of four SMA connectors have been installed [Figure 110(g)]. 

The flow loop in which the testing of the sensor had to be carried out, was based on 3 

in piping so that the diameter had to be converted from 2 in (~50 mm) to 3 in. For this, 2 in to 

3 in adapters along with 3 in flanges were installed at each end of the prototype [Figure 110(h)]. 

As the flow patterns depends on whether the sensor is installed horizontally or vertically. That 

is why two identical prototypes were fabricated in order to simultaneously characterize the 

sensor in both the orientations. 
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Appendix B 
 

 
Figure 111. Oscillator response to various interface levels of oil and water measured using Spectrum Analyzer (SA) 
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Appendix C 

Fabrication details of industrial version of WC (or 2-phase flow) meter 
Two prototypes of industrial version of WC (or 2-phase flow) meter were fabricated. 

The two copies are exactly the same expect that one of the meters make use of Kalrez O-rings 

which is much more H2S resistant than typically used O-rings made of Viton. Kalrez based 

prototype is recommended to be used in H2S environment if the meter has to be tested in 

slightly sour wells. 

The fabrication of meter can be broadly divided into 2 categories. The first category 

deals with the metallic while the other category deals with non-metallic (PEEK) parts. 

1) Non-metallic part fabrication 
As described above that PEEK has been chosen as a material of selection due to its 

ability to withstand high pressure, high temperature and high chemical dose. The PEEK tube 

acts as the extended throat of the venturi. This non-metallic throat of the venturi has been 

utilized as a placeholder for the microwave resonators. Mutually orthogonal dual microwave 

resonators have been screen-printed on the external surface of the PEEK tube. These resonators 

measure the water fraction in oil irrespective of the flow regime inside the pipe. 

Printing of the microwave resonators on PEEK tube 
This section will summarize the steps taken to get the microwave resonators printed on 

the PEEK tube. 

Heat testing of the PEEK tube 
As PEEK tube had to withstand high temperature such as 125⁰C; we fabricated some 

dummy PEEK tube pieces and screen-printed some metallic rings on them. The purpose of this 

step was to ensure that the metal does not come off the surface when exposed to high 

temperature i.e. 125⁰C. This peeling/cracking could have been possible due to mismatch of 

thermal expansion coefficient of PEEK and silver paste materials. 

 

 
Figure 112. Dummy PEEK tubes with (a),(b),(c),(d) single metallic ring (e),(f) double metallic rings 
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Even after letting the printed PEEK tube in an oven at 125⁰C for more than a day; there 

was no visual or microscopic cracks. Additionally, no degradation in DC electrical 

performance was observed. This experiment confirmed the strong adhesion of metallic paste 

with PEEK surface, which was necessary for printing the microwave resonators on the PEEK 

surface and to have the setup operate at high temperature. 

Masking of original PEEK tubes 
PEEK tubes with desired pressure rating were fabricated from a workshop in USA. The 

wall thickness (~7mm) was chosen based on the strength of PEEK and the desired pressure 

rating. In order to print the microwave resonators on top of its surface; we prepared two 3D 

printed masks which were put on the external surface of the pipe as shown in Figure 113. 

 
Figure 113. Different views of the 3D printed masks put on the PEEK tube 

Marking and Taping of PEEK tube 
Figure 113 shows the PEEK tube along with the 3D printed masks. It can be seen from 

the figure that the mask has some openings, which are the areas that need to be metallized. The 

PEEK surface was marked and taped with the help of this mask as shown in Figure 114. 

 
Figure 114. Marking and Taping of the PEEK tube 
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Metallization of the PEEK tube 
The kapton tape was used to cover the areas, which need not be metallized. The area to 

metalize has been left exposed. Silver paste has been manually screen printed in the exposed 

areas. The tube was then heated at high temperature (>100⁰C) for almost 30 minutes for curing 

the metallic paste. The kapton tape was removed from the surface after the curing process was 

completed. The tube looks like shown in Figure 115. 

 

 
Figure 115. Different views of the PEEK tube with printed resonators 

Feedline for microwave resonators 
In order to feed the resonators with microwave signals; appropriate 50Ω feedlines were 

designed and fabricated using the PEEK material itself. PEEK material was machined from a 

bulk piece of PEEK in the desired shape. That piece of PEEK was then metallized to have 50Ω 

feedline as shown in Figure 116. 

 
Figure 116. Metallized PEEK based feedlines for microwave resonators 

Connection of feedlines with resonators 
The feedlines were then attached with the microwave resonators using a high 

temperature tolerant super glue. The feedline was electrically connected with the resonators 

using electrically conductive high temperature epoxy. The PEEK tube looks like shown in 

Figure 117 at this point. 
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Figure 117. Mutually orthogonal dual resonators connected with the feedlines 

Connection of SMA connectors with resonators 
SMA connection with the resonators could be a weak connection, if not designed 

properly. Special attention was paid in order to make a robust connection of SMA connectors 

with the microwave resonators. Two stage strengthening procedure was adopted to ensure 

robust connection. First of all, PEEK separator (on which was printed the feedline) was 

machined so that it had appropriate space for 2 bottom legs of the SMA connector to provide 

it with mechanical strength. Additionally; high temperature resistant epoxy by JB WELD was 

used to achieve high mechanical strength especially at high temperature. The prototype with 

connectors looks like shown in Figure 118. 

 
Figure 118. Prototype with SMA connectors attached with high temperature epoxy 

Verification of microwave performance of the resonators 
After the fabrication of the microwave resonators; their performance was validated 

using VNAs. For two prototypes, there were 4 resonators in total. 
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Figure 119. Performance test of the microwave resonators with VNA 

All the four resonators gave almost the same resonance frequency with percentage 

variance of less than 0.5%. 

Insulation sheet protection on resonators 
As the resonators are made of silver, it can be oxidized over time. Moreover, any 

mishandling of the PEEK tube could have peeled off the printed metallic from the surface. In 

order to avoid such a situation, a 130µm thick; low loss insulation sheet from Dupont (Nomex 

410) was wrapped around the resonators. Moreover, due to large width of the shunt stub; there 

is significant fringing from the resonators, so it was recommended to keep the SMA cables as 

away from the resonating structure as possible. If we could have attached the SMA cables as 

is; they might have been handing and swaying inside the prototype due to vibration. In order 

to tackle this; a frame (consisting of 4 rods) was designed to route 4 SMA cables from the 

connectors on the PEEK tube to the SMA bulkhead on the metallic body of the prototype. This 

can be viewed in Figure 120. 

 
Figure 120. PEEK tube installed in the metallic body of the meter 
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2) Metallic part fabrication 
The metallic part of the meter includes the venturi and the enclosure for the PEEK tube 

and the SMA cables attached to it. These parts were manufactured using SS-316 material from 

a workshop in USA. At large, there are 3 metallic parts which are listed below: 

 Converging (entrance) venturi tube  

 Enclosure for the extended throat 

 Diverging (exit) venturi tube 

These parts for 2 meters (total 6 parts) are shown in Figure 121. 

 
Figure 121. Metallic parts of the meter 

There were some other miscellaneous parts such as screws etc., which were also 

manufactured using SS-316. 

Assembly procedure of the meter 
As indicated in the last section that the meter consists of one non-metallic and 3 metallic 

parts which need to be put together in one piece. This section highlights the procedure to put 

together these parts and the final assembled unit is shown in Figure 122. 
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Figure 122. Final assembled meter 

1) Preparing outlet part 
Assembly of the meter was started with the divergence (outlet) part of the venturi; set 

vertically as shown in Figure 123. The temperature transducer and O-rings was attached with 

this part adopting appropriate cleaning procedures. 

 
Figure 123. Vertical orientation of the outlet part 

2) Alignment pin and cable holder assembly 
Alignment pin (for the PEEK tube) was installed on the outlet part followed by 

installing the cable holder assembly consisting of 4 fiberglass rods used for routing the SMA 
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cables. After this the SMA bulkheads were installed on the outlet part of the meter. Assembly 

till this stage look like shown in Figure 124. 

 

 
Figure 124. Outlet part installed with alignment pin, cable holder assembly and SMA bulkheads 

3) PEEK tube installation 
PEEK tube (with printed resonators; protected by Nomex 410) was then slipped into 

the place as shown in Figure 125. 

 

 
Figure 125. Meter outlet part connected with PEEK tube and cable holder assembly 

4) SMA cables connection 
Four SMA cables were then used to connect with the SMA connectors on the PEEK 

tube with the SMA bulkheads placed on the outlet part of the venturi. It can be seen from Figure 

126. 
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Figure 126. SMA cables used to connect the SMA connectors on the PEEK tube with the SMA cables bulkheads on metallic 

body 

5) Protective sleeve installation for PEEK tube 
After this, protective metallic sleeve for PEEK tube and SMA cables was put from the 

top using a crane as shown in Figure 127. 

 
Figure 127. Protective sleeve being put on top of the PEEK tube 
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6) Installation of the inlet part of venturi 
In the end, inlet part of the venturi was installed using the crane and torque-wrench with 

300 in-lb torque as shown in Figure 128. 

 
Figure 128. Torqueing Screws of the Inlet Part 

Disassembly procedure of the meter 
Disassembly procedure contain the same steps but with reverse order. 
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Appendix D 
Definition of “simple apparatus” according to IECEx standard 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



128 

 

Appendix E 
Block diagram of Explosion proof electronics box 

 

 
Figure 129. Assembly drawing of Ex-d rated electronics box 

 


