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Abstract 

 

As electrical capacitance tomography (ECT) is inexpensive, non-invasive and non-

intrusive, it has become one of the most established tomography modalities. However, 

ECT is currently being used only for low permittivity dielectric and non-conductive 

material in the oil-continuous flow. This is the first time in research that the capacitance 

sensor is proposed to be integrated with a microwave sensor to measure the parameters 

of a multiphase flow. The two presented dual-modality systems are (1) ECT and 

microwave cavity resonant sensor (MRS) and (2) ECT and microwave tomography 

(MWT).  

 

For oil and gas application, a dual modality system of 8-electrode ECT and MRS has 

been developed for two purposes to (1) identify flow pattern and (2) estimate water-in-

liquid ratio (WLR). Rather than using a tomographic reconstruction, a simpler technique 

of signal processing and characterisation based on the capacitance and resonant 

frequency data is implemented. The system demonstrates a 100% compliance of 

detecting stratified and annular flows for 18 tested conditions. The initial estimation of 

WLR is reasonable with the majority of the conditions resulted in less than 5% error. 

This dual-modality is advantageous as it works for both oil-continuous and water-

continuous flows and minimises flow-regime-dependency. In addition, this new dual-

modality system is non-radiation, non-intrusive and non-invasive.  

 

A 12-electrode ECT sensor and an MWT have been designed for the fluidised bed 

application to (1) image permittivity distribution and (2) investigate the effects of higher 

moisture content on solids concentration images. For image reconstruction with ECT, 

sensitivity map evaluation was first conducted to justify whether a sensitivity map 

according to the test material should be updated. The results show that a generic 

sensitivity map generated with an empty background is appropriate to reconstruct 

images for most defined distributions except for an annular flow with a thin layer. 

Experiments with a dual-modality system of ECT and MWT were then carried out to 

image gas, powder and liquid. The result shows 50% complementary function of ECT 

and MWT, indicating that good images can be obtained with MWT at higher moisture 

content.  
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Chapter 1: Introduction 

 

This thesis is to explore the potential of the dual-modality systems of electrical 

capacitance tomography (ECT) and microwave sensors, in particular for the oil and gas, 

and pharmaceutical industries. This Chapter aims to briefly introduce the background 

and the motivations for the research. The aims and objectives are presented in a later 

section, and the organisation of the research is given in the final section.  

 

1.1 Multiphase flow 

Prior to commencing the investigation of the multiphase metering techniques and 

capabilities, it was necessary to first have a clear understanding of the essence of the 

multiphase flow. Multiphase flow occurs ubiquitously, in nature or in many industrial 

fields. The blood flow in the human body, the existence of bubbles and sand in river 

stream and steam condensation on windows are examples of multiphase flow that occur 

naturally. It is also widely encountered in the petroleum industry, medicines and 

pharmaceutical, food, chemical, cosmetics, nuclear reactor industry and geothermal 

energy plants. 

 

Typically, multiphase flow in petroleum industry is composed of three components: gas, 

liquid and solid. The most common classes of the multiphase flow are the two-phase 

flow and three-phase flow, which occur with the two and three combinations of the 

above-mentioned single phases. In reality, the behaviour and shape of the phases in 

multiphase flow determine the flow pattern, known as the ‘flow regime’. There are 

various types of flow regimes, but some of the usual ones are stratified, annular, 

bubbles, slug or plug flow. In general, there are several common factors that dictate the 

flow patterns such as phase properties, fractions, velocities and whether a flow is in a 

steady-state, pseudo steady-state or transient multiphase flow.  The flow regime is also 

strongly influenced by the flow structure, i.e. the pipe layout, diameter, shape, 

inclination, bends and junctions. For example, a two-phase flow of gas-liquid in a 

horizontal pipe can change from stratified to annular flow with an upward pipe 

inclination of -80
o
. The formation of flow regime is also affected by the operation setup, 

such as pressure or temperature (Falcone et al., 2010).  
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The transition of multiphase flow can occur at any point in a production process, 

regardless of whether the formation is desired or not. Therefore, in many applications, it 

is crucial to measure and keep the flow under control so that the efficiency of the 

process and the quality of the products are assured. The types of multiphase flow which 

are of interests in this research are gas-liquid, gas-solid, liquid-solid (two-phase flow) 

and gas-liquid-liquid (three-phase flow) for the oil and gas, and pharmaceutical 

industries.  

 

1.2 Multiphase flow metering (MFM) for oil and gas industry 

In the oil and gas industry, the most common phase to consider is gas, oil and water 

since sand has been normally filtered during the early stage of the process. The 

behaviour of this multiphase flow travelling in the pipe is complicated; therefore, it 

remains the greatest challenge in multiphase flow metering to accurately determine the 

flow regime and its parameters. Some typically used MFM techniques are based on 

electrical properties (impedance), microwaves, gamma-ray attenuation, differential 

pressures and cross-correlation. For a multiphase flow, one technique or a single 

modality on its own is not sufficient to determine the flow rates, therefore a dual-

modality must be used.  

 

To understand multiphase flow, the flow regime must first be identified. Only then, 

other related parameters such as flow rate, phase fraction and velocity can be derived. 

An industrial high-speed camera can be used to define the flow regime, but this visual 

method does not work with non-transparent conduits or pipes. A more recent solution is 

the tomography technique that displays the cross-sectional image of a test area without 

the need of a ‘can-see-through’ envelope (Pradeep, 2015). The system can be either a 

radiation or non-radiation based. Some mature tomography techniques can also be used 

to estimate phase fraction measurements such as the water-in-liquid ratio (WLR) and 

gas-volume-fraction (GVF). These parameters are important for operational purposes. 

The electrical capacitance tomography (ECT), electrical resistance tomography (ERT) 

and microwave tomography (MWT) are a few examples of non-radiation tomography 

systems, while gamma-ray and X-ray are examples of radiation-based methods. The fact 

that the process tomography is non-invasive has made it very attractive.  
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For the phase fraction measurement, most commercialised instruments implement the 

gamma-ray and impedance-based techniques. The impedance technique is safe, simple 

and robust but very sensitive to change in flow regime. It normally requires a specific 

calibration for a specific range of measurement; therefore a new calibration is always 

required if the permittivity or conductivity of the monitored phase is changed. A few 

microwave-based flow meters are reported available to estimate water fraction. 

However, they require partial separation as a part of the measurement process.  

 

Each of the multiphase flow meters has their own constraints and limitations. The 

capacitive meter (including the ECT) works very well in oil-continuous flow but not in 

water-continuous flow in contrary to the way that resistive-based (including the ERT) 

works. An extended microwave-based technique that measures resonant frequency was 

reported of having the capability to measure WLR of the oil-water mixture in a full-

phase range by (Thorn et al., 2013; Xie, 2007); however, it serves only as a water-cut 

meter and is not able to detect the flow pattern. Gamma-ray has been a widely used 

technique in inline MFM, but these days, using a nucleonic/radiation-based 

instrumentation has become difficult as some countries have restricted the use of 

radioisotope due to health and safety concerns (Thorn et al., 2013). 

 

One approach that researchers have proposed to improve the performance of MFM is by 

developing a dual-modality system. Analyses in this research are based on the electrical 

capacitance and microwave sensors. The ECT in this research is proposed to be used 

alongside with the microwave cavity resonant sensor (MRS) as a dual-modality system 

to identify the flow pattern and to measure WLR. Other than being used as a 

tomographic system, a simpler signal processing method is implemented to analyse and 

make full use of the capacitance and resonant frequency data. The combination of these 

two systems, which provide complementary information, is foreseen to enhance the 

overall system to be more attractive and useful. 

 

1.3 Multiphase flow metering (MFM) for pharmaceutical industry 

The pharmaceutical industry discovers, develops, produces and markets drugs for 

medical purposes. The development and production of drugs are complex, expensive 

and must comply with strict regulations and standards set by professional bodies such as 

the Food and Drug Administration (FDA) and the Medicines and Healthcare Products 
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Regulatory Agency, UK. Drugs are commonly produced in liquid or tablet forms. In 

this research, the focus is on the process of producing the tablet form that is 

manufactured using a sophisticated machine called the fluidised bed. The two leading 

manufacturers supplying the fluidised bed and the services are the Glatt, Deutschland 

and GEA, Germany. Figure 1.1 shows an example of the fluidised bed available in the 

market.  

 

The fluidised bed is commonly used for batch processing of solid particles for drying, 

coating and granulating. The main advantage of using the fluidised bed is that it 

provides efficient heat and mass transfer and is able to mix excipients and active 

materials to produce a uniformed blend of particles (Walker et al., 2009). Granulation or 

agglomeration is a process to produce granules from powder using liquid bridges. Water 

or organic solvent is sprayed on the 

powder to wet and agglomerate the 

particles and turns them into granules. 

The moistened granules are then dried 

to increase their shelf-life. It is also a 

normal practice to get the granules 

coated. The coating process involves 

liquid spraying and crystallisation to 

form a protective film on the surface 

of the granules, and the coating must 

absolutely seal the granules without 

any cracks or mechanical damages 

(Wang et al., 2016, Glatt, 2014). 

 

Figure 1.1  GLATT WS Combo (Glatt, 2014) 

 

Currently, the most serious problem encountered in the fluidised bed process is the 

occurrence of undesired agglomeration. This occurs because, at a high temperature and 

moisture, particles tend to adhere to each other and form larger entities (Naelapa et al., 

2007). The undesired entities can also stick easily onto the hot wall, and this causes 

faulty drying which leads to over-wetting or over-drying of products. Hence, it is crucial 

to implement a technology to monitor the distribution not only for fault diagnosis but 

also to control the fluidised bed conditions. The moisture content of granules in 

fluidised bed drying, granulating and coating processes can typically be between 
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1%~25%, resulting in the change of the permittivity and conductivity during the 

process. An ECT can be used to measure the change in permittivity but not to measure 

the change in conductivity in the gas-solid two-phase flow (Yang, 2010, Wang et al., 

2016, Thamae and Wu, 2010). An ERT may be used to measure conductivity; however, 

as the metallic electrodes of the ERT are required to be in contact with the object to 

image, this method is not approved by the FDA. Therefore, a new approach to measure 

complex permittivity needs to be developed. One possibility proposed in this research is 

to develop a dual-modality of ECT and microwave tomography (MWT) to image 

permittivity distribution of different materials, and also to image solid distribution at 

low and high water contents, in particular in between 1% and 30% for the fluidised bed 

operation.  

 

1.4 Aim and objectives 

The research aims to explore the potential of ECT and microwave sensors with different 

flow regimes and on different materials for different kind of application. The ultimate 

goal is to integrate both functions to become a powerful dual-modality system that 

works for both oil-continuous and water-continuous flow so that the system can provide 

more useful information.  The specific objectives of the research are as follows: 

 

Dual-modality of ECT and MRS 

1. to design the ECT sensor; 

2. to evaluate the individual systems (ECT and MRS) in; 

a. identifying flow pattern, stratified or annular; 

b. estimating water-in-liquid ratio (WLR); 

3. to integrate both functions (ECT and MRS);  

4. to evaluate the performance of the new dual-modality system; 

 

Appraisal of the sensitivity maps 

5. to evaluate sensitivity maps generated with different backgrounds and their effects 

on the image reconstruction. This is a prior justification for using ECT for the dual- 

modality of ECT and MWT; 
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Dual-modality of ECT and MWT 

6. to reconstruct different flow patterns of materials with ECT and MWT; 

7. to study the effects of moisture on image reconstruction;  

8. to compare the quality of images between the two systems. 

 

1.5 Contributions  

The main contributions of this work are as follows: 

 

Dual-modality of ECT and MRS 

This Chapter presents the first integration of ECT and MRS functions in identifying 

flow regime and estimating WLR of gas and liquid (emulsion) multiphase flow. The 

major benefit of this work is that it improves the measurement capabilities of the 

traditional single modality sensor (ECT or MRS) system. The results demonstrate the 

feasibility of developing a dual-modality system that is non-intrusive, non-invasive and 

non-radiation, to identify flow regime and estimate WLR in full range, from oil-

continuous to water-continuous flow.  

 

Appraisal of the sensitivity maps 

This Chapter describes the generation of sensitivity maps with different backgrounds 

(different permittivity) and evaluates their effect on image reconstructions in 

comparison to the generic sensitivity map obtained with an empty background. The 

work is important as it helps in making a decision as to whether or not different 

sensitivity maps should be used for imaging different materials and flow regimes. There 

are more options of sensitivity maps to suit the applications rather than only one generic 

sensitivity map for all cases.  

 

Dual-modality of ECT and MWT 

This Chapter proposes a new method of imaging complex solids distribution at low and 

high moisture by combining ECT and MWT functions. The results can be used to 

develop a process control in fluidised bed drying, coating and granulating process to 

improve operational efficiency.  
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1.6 Organisation of the thesis 

In the beginning of this Chapter, the background, motivation, objectives and 

contributions from this work to the research field are briefly introduced. 

 

Chapter 2 reviews the fundamentals of ECT including the basic principles, features, 

solutions for the problems presented and the reconstruction of algorithms. 

 

Chapter 3 presents the theoretical background and operation of microwave sensors, 

focusing on MRS and MWT. 

 

Chapter 4 explores the potential of the dual-modality system of ECT and MRS in 

identifying flow regimes and estimating WLR in oil-continuous and water-continuous 

flows. 

 

Chapter 5 evaluates sensitivity maps generated with different backgrounds and the 

impact on image reconstruction. 

 

Chapter 6 investigates the effects of flow regimes and moisture on images reconstructed 

by ECT and MWT  

 

Chapter 7 provides the conclusions drawn from this research and suggestions for future 

work. 
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Chapter 2: Electrical capacitance tomography  

 

ECT has been developed for many years and has become the most established electrical 

tomographic technique compared to other modalities such electrical 

resistance/impedance tomography (ERT/EIT) and electromagnetic tomography (EMT). 

Unlike other conventional tomographic techniques, ECT is low cost, non-radiation, non-

invasive and non-intrusive.  

 

Research into ECT has been actively conducted in academic institutions such as at the 

University of Manchester (formerly UMIST), the University of Bergen in Norway, 

Tsinghua University in China, the Delft University of Technology in Netherlands, 

Hannover University in Germany, Warsaw University in Poland, Institute Mexico 

Petroleum in Mexico, and Morgantown in the USA (Yang, 1996; Yang and Peng, 

2003). The University of Manchester has been leading the research in ECT since the 

early 1980s with remarkable findings and inventions. The first real-time ECT system 

that successfully generated images of gas/oil flows in a pipeline was developed in 

collaboration with Schlumberger Cambridge Research Ltd (Yang et al., 2011). The 

research on ECT has also been extensively carried out in research centres, for example, 

the TUV NEL in the UK. TUV NEL is a world-class provider of technical consultancy, 

research, testing, flow measurement and programme management services. Under DTI 

Flow Programme (1999-2002), TUV NEL did a project of evaluating new technology 

for high accuracy multiphase flow measurement involving ECT (TUV NEL, 2003). 

 

ECT can provide spatial distribution and measure two-phase flows for many 

applications, such as gas/oil flows in pipelines. (Xie et al., 1992) designed a 12-

electrode ECT sensor and used finite-element model to calculate capacitance field 

sensitivity and to reconstruct images for various gas/oil flow distribution. This research 

introduced adaptive threshold operation for its linear back projection algorithm, that can 

reduce the artefacts of the grey level thus a good quality of images can be obtained. In 

another research conducted by (Yang et al.,1995), a PC-based 8-electrodes and a 

transputer-based 12-electrodes ECT systems were described. The comparison between 

the two systems showed that the 12-electrodes system is fast, and can improve the 

image resolution. An example of more recent research was conducted by (Li et al., 
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2013). Their work presented a model-based image reconstruction for the ECT system to 

measure liquid fraction and to derive WLR of an annular liquid layer. The result from 

this research showed that the ECT is capable to accurately estimate WLR up to only 

35%, with an uncertainty ≤ ±3%.  

 

ECT has also been used for wet gas separator process. For the first time in research, 

(Yang et al., 2002) in collaboration with Shell Global Solutions Ltd (UK) and Twister 

B.V presented the first experimental results, showed that water droplets distribution in 

the gas stream can be imaged by ECT. An 8-electrode LCR meter based ECT system 

was developed and used for static test and on Twister simulator. Although at this point, 

the obtained images were still qualitative but the robustness of the ECT system offers 

the possibility of field application on Twister. Another research on visualising water 

droplet distribution was carried out with an impedance analyser based ECT system. This 

research used adaptive calibration and adjacent electrode pair correction techniques to 

image very low concentration profile. It was demonstrated that the ECT is capable of 

reconstructing clear image. The sensor was very sensitive that changes as small as 1 

gWater/kgAir was detectable (Yang et al., 2004). 

 

In the pharmaceutical industry, the ECT was employed to measure gas/solids flows in 

fluidised beds. (Liu et al., 2005) discovered a non-intrusive technique for measuring 

axial and angular velocities for circulating fluidised bed (CFB) and cyclone separator. 

They introduced velocity measurement by cross-correlation that was non-invasive, 

simple, fast and inexpensive. The system used an algorithm for 3D images and 

performed online image reconstruction. The material near the wall where the ECT was 

installed was easier to be detected than the material in the centre region. This is 

concluded due to uneven distribution of the sensitivity. The first attempt to use ECT for 

online solid moisture measurement was done by (Wang et al., 2009). A twin-plane ECT 

with 8 electrodes in each plane was mounted on the fluidised bed dryer. The measured 

moisture was used as an input to a feedback control system and the results revealed that 

measurement of solids moisture by ECT is feasible with ECT. Other examples of 

research on ECT for fluidised bed are carried out by (Wang and Yang, 2010) and (Wang 

et al., 2008). However, none of the above research used ECT to measure materials with 

high water content.  
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Some other applications that use ECT are such as in pneumatic conveyors, combustion 

flame in a car engine (Waterfall et al., 1997), food processing, paper and plastic 

production, solids waste treatment and chemical engineering (Yang and Liu, 2000).  

 

2.1 Overall system and measurement strategy  

Figure 2.1 shows a typical set-up for an ECT system that consists of an ECT sensor, a 

measurement circuit and a computer. The ECT sensor is connected to the measurement 

circuit with individual cable for each of the electrodes surrounding the sensing area. The 

measurements are gathered by the measuring circuit and the capacitance data are then 

used for image reconstruction performed by the computer.  

 

 

Figure 2.1: ECT System 

 

ECT uses capacitance data obtained between excitation and detection electrode to 

visualise material distribution and hence flow patterns. Figure 2.2 illustrates the cross 

section of an ECT sensor with 8 electrodes mounted circumferentially on the external 

wall of a pipe or vessel. The material of the pipe must be non-conductive, such as glass, 

Perspex or PVC. The capacitance is measured for all possible electrode pairs. Normally, 

one electrode is assigned as an excitation electrode while the rest electrodes are in 

ground or virtual ground as detection electrodes. The corresponding capacitance is 

measured from each detection electrode. As an example, when electrode 1 is excited, 

electrodes 2 to 8 are in ground. The capacitance is measured for individual pairs 

between electrode 1 and the grounded electrodes (electrode 2,3….8). This process is 

repeated until electrode 7 is selected as excitation electrode and electrode 8 as detection 

electrode. In this way, an 8-electrode ECT sensor has a maximum 28 independent 

ECT

measurement
circuitobject

reconstructed 
image
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measurements (Yang et al., 1995). The total number of independent measurement is 

expressed by  

 

 𝑀 =
𝑁(𝑁 − 1)

2
 (2.1) 

 

where N is the number of electrodes.  

 

The matrix of the electrode pair measurement is shown in Table 2.1. 

 

Figure 2.2: Cross section of 8-electrode ECT sensor 

 

Table 2.1: Electrode pair measurement 

 

 

2.2 ECT sensor design 

The design of the ECT sensor plays an important role to ensure successful 

measurement. There are several key guidelines on how to choose the most appropriate 

design parameters to fit in with a specific application, such as the characteristic of the 

electrodes, the sensor shape, the driven guard and the earthed screen.  

 

E1

E2

E4

E3

E5

E6 E7

E8

Electrodes

Pipewall

Earthed screen

Sensing area

E1 - E2 E2 - E3 E3 - E4 E4 - E5 E5 - E6 E6 - E7 E7 - E8

E1 - E3 E2 - E4 E3 - E5 E4 - E6 E5 - E7 E6 - E8

E1 - E4 E2 - E5 E3 - E6 E4 - E7 E5 - E8

E1 - E5 E2 - E6 E3 - E7 E4 - E8

E1 - E6 E2 - E7 E3 - E8

E1 - E7 E2 - E8

E1 - E8
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2.2.1 Electrodes 

The electrodes are the main components of the sensor. The electrodes are used to 

measure change in capacitance with the change of permittivity. Therefore, one must 

carefully design the electrodes and consider its main character, such as the number of 

electrodes, the length of electrodes and location of electrodes to obtain useful results. 

The electrodes can be made of many types of metallic material, such as brass plate 

(Huang et al.,1989) and copper adhesive tape (Xie et al., 1989).  

  

a. Number of electrodes 

In ECT design, the number of electrodes affects the capacitance value, spatial 

resolution, data acquisition rate, circuitry complexity, and the cost of the hardware 

(Yang, 1997). The number of electrodes determines the number of independent 

measurements, as expressed by equation (2.1). A large number of electrodes can 

produce more independent measurements. Hence, on a fixed pipe circumference with 

the increased number of electrodes, an improved image resolution can be expected. 

However, too many electrodes would cause difficulties, such as (1) too small inter-

electrode capacitance, (2) less sensitivity due to huge eigenvalues of the sensitivity 

matrix, (3) a slower rate of data acquisition and (4) expensive hardware. A smaller 

number of electrodes has the advantageous of (1) simpler hardware, (2) faster data 

acquisition and (3) suitable for shorter electrodes for limited space or thin measurement 

area due to the increased cover angle. Obviously, a smaller number of electrodes results 

in a smaller number of independent measurements. Therefore, a good image cannot be 

expected. (Peng et al., 2012) worked on the effect of the number of electrodes on the 

sensor system. Currently, the most applicable number of electrodes used in ECT 

systems are 8 or 12 (Yang, 2010). 

 

b.  Length of electrodes 

This parameter plays a major role in the success of image reconstruction with ECT. To 

decide the length of the electrodes, one has to consider two factors: (1) the sensitivity of 

the measuring circuit and (2) the fringe effect. Basically, for a fixed permittivity and 

diameter, the capacitance value is directly proportional to the length of electrodes, i.e. 

longer electrodes give larger capacitance. However, too long electrodes will reduce the 

axial resolution and narrow bandwidth. To detect smaller objects, shorter electrodes are 

preferred. On the other hand, too short electrodes can cause too small inter-electrode 
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capacitance, which then requires a more sensitive measuring circuit. There is a limit on 

how short the electrodes could be, as at a certain point the length of the electrodes could 

just saturate the measurement. In addition, the fringe effect is more prominent and 

cannot be neglected with shorter electrodes because it will affect image reconstruction. 

In common practice, it is recommended that the length of the electrodes is chosen 

greater than the sensor diameter (say twice) so that it is possible to reduce serious fringe 

effect (Yang, 2010; Yan et al., 1999).  

 

c.  Location of electrodes 

When a container, e.g. pipe, vessel or tank is non-conducting, both external and internal 

electrodes are permissible in ECT. In practical, it is standard to have electrodes mounted 

outside the pipe because it makes the sensor easier to build. An ECT sensor with only 

external electrodes is both non-intrusive and non-invasive, which is often required by 

industry. Being outside the pipe avoids the electrodes to be exposed to the harsh in-

process environment. However, if the pipe wall is too thick, the capacitance of the pipe 

wall needs to be taken into consideration to avoid measurement error.  

 

Electrodes can also be mounted inside the pipe or else a combination of both, external 

and internal. Some examples of ECT with internal electrodes are by (Liu et al., 2001; 

Jaworski and Bolton, 2000; Ye and Yang, 2013). With internal electrodes, an ECT 

sensor is more sensitive because of the direct physical contact between the electrodes 

and the material. In addition, it removes the effect of pipe wall on capacitance 

measurement. Despite the advantageous, there are still many limitations with having 

internal electrodes, not only as a disruption to the flow but also it affects the lifespan 

and reliability of the ECT sensor. Internal electrodes have high risk of being damaged as 

they are exposed to harsh environment and becoming more fragile (Yang, 1997; Yang, 

2010).  

 

2.2.2 Sensor shape 

Currently, in most laboratories and industry, their facilities, such as pipes, boilers, 

vessels and tanks, are circular. Accordingly, circular ECT sensors have been extensively 

investigated and well established. However, for some applications, e.g. the fluidised 

bed, different shape of ECT is required. The first feasibility study of ECT with a square 

sensor for circulating fluidised bed was reported by (Yang and Liu, 1999). The results 
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indicated that for a specific condition, the square sensor improved the sensitivity in the 

centre area and provided better image resolution. In (Liu et al., 2001), the design of 

square ECT was extended with internal-external electrodes, i.e. 12 externals and 4 

internals. It was found that the combination can improve the images, but the internal 

electrodes can cause disruption to the fluid flow.  

 

An open end 16-electrode square sensor was developed for a feasibility study by (Ren 

and Yang, 2012). In their work, 8 electrodes were arrayed opposite of each other and 

used to image three plastic bars with an impedance analyser system and a MATLAB 

GUI. In recent years, there are more advanced machines with more complicated 

processes, structures and flows. It is foreseen that the shape of ECT sensors would be 

more diverse to cope up with the complexities. Some examples are the Wurster 

fluidised bed and the supersonic wet gas separator, which possibly requires a conical 

ECT sensor (Twister, 2017; Glatt, 2014) 

 

2.2.3 Driven guard electrodes 

Some researchers propose driven guard electrodes to improve the axial resolution and 

measurement sensitivity. The aim is to allow the use of shorter electrodes. The driven 

guard electrodes are mounted symmetrically at both ends of the measurement 

electrodes. These driven guard electrodes are excited with the same electrical potentials 

as the measurement electrodes. This arrangement will reduce the fringe effect because 

the electric field is not diverted to earth or to axial directions. Therefore, a stronger 

signal can be obtained. However, this is valid if only the sensor is fully filled with a 

single material, which is not beneficial to multiphase flow measurement. In addition, the 

shortcoming of using driven guard electrodes is that they interrupt with the capacitance 

measurement. In other words, the measured capacitance is actually between the three 

electrodes i.e. the measurement and the two driven guard electrodes (Yang, 2010; 

Process Tomography Ltd, 2001). 

 

2.2.4 Earthed screen 

There are three types of the earthed screen used in ECT sensor: (1) the outer screen, (2) 

two axial end screen and (3) radial screen. In general, all of them are used to protect the 

ECT sensor from external noise (Yang, 2010). The outer screen covers the whole 

external pipe circumference and is effective in shielding the sensor from the interference 
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and surrounding noise. In practice, it is common to use the second type not only for 

noise reduction but also minimising the fringe effect (Sun and Yang, 2014). The 

construction of the first two types of the screen is simple, but the latter is more 

complicated. However, if the standing capacitance between adjacent electrodes is a 

concern, the radial screen might need to be taken into consideration (Yang, 1997).  

 

2.3 Measuring circuits 

An ECT sensor is connected to a measuring circuit. The hardware of the measuring 

circuit was reviewed by (Yang, 1996) and (Yang and Peng, 2003). There are three 

common types of measuring circuit for ECT: (1) the charge/discharge circuit (Huang et 

al., 1992), (2) AC-based circuit and (3) impedance analyser. The charge/discharge and 

AC-based circuits are for real-time imaging while the impedance analyser is for offline 

imaging (Li, 2008). These three circuits are the preferred options for their immunity to 

stray capacitance (Yang, 1996).  

 

The charge/discharge circuit operates in the DC mode and it works in phases, by 

charging and discharging the measured capacitance. The operation of the circuit is 

controlled by a clock signal with a programmable frequency up to 2.5 MHz (Yang, 

1996). Other than stray immune, this circuit has benefits of being simple and low cost. 

However, several disadvantages of this charge/discharge circuit are: (1) charge injection 

from the CMOS switches causes problem, (2) drift problem due to the DC operation and 

(3) loss conductance problem (Huang et al., 1988; Huang et al., 1989; Yang, 1996).  

 

The AC-based circuit works with sine-wave excitation and phase-sensitive 

demodulation. This circuit measures impedance or with a phase-shift-demodulation, it 

measures capacitance or conductance. The excitation frequency is up to 1 MHz. An AC-

based circuit reduces the measurement noise, has a high signal-to-noise ratio (SNR) 

with low drift, other than being stray-immune. However, this circuit is complicated and 

more expensive, especially for high-frequency operation (Yang, 1996). 

 

The impedance analyser-based ECT system developed at the University of Manchester 

is shown in Figure 2.3. The system consists of: (1) an ECT sensor, (2) a multiplexer 

box, (3) impedance analyser and (4) a host PC. A PCI IEEE 488 board and National 
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Instrument (NI) PCI-6024E data acquisition board are used to control the impedance 

analyser HP 4192A and the multiplexer respectively (Yang, 2007).  

 

Figure 2.3: Impedance analyser system (Yang, 2007) 

 

The impedance analyser is a fully automatic, high-performance test instrument that has 

been designed to measure electrical properties, i.e. the capacitance, resistance and 

conductance (Agilent, 2000). Because of its high accuracy, high resolution and good 

reliability, the impedance analyser has been used to measure electrical property 

measurement for some ECT applications (Chrondronasios, 2003; Hu et al., 2008). A 

difficulty with impedance analyser is that it has a limited channel, therefore a 

multiplexer is required. The H Cur (high current) and L Cur (low current) of the 

impedance analyser are connected to the detection channel and the excitation channel of 

the multiplexer via a pair of BNC cables. The impedance analyser uses a sine-wave 

excitation voltage with programmable amplitude and frequency. The range of the 

frequency is from 1 kHz to 10 MHz. The multiplexer has a total of 96 programmable 

channels, which can be configured to three different operation modes: (1) excitation, (2) 

detection and (3) ground. The ECT sensor is connected to the multiplexer by SMB 

cables according to the number of electrodes. By alternating the status of each electrode, 

independent measurements can be taken for different electrode pairs. The measurements 

are transferred to the host PC for data analysis and image reconstruction (Yang, 2007). 

Despite all the advantages, the impedance analyser has limited speed, hence only offline 

imaging is applicable (Li, 2008). 
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2.4 Forward problem 

The forward problem is to estimate the inter-electrode capacitance from a known 

permittivity distribution. There are three reasons of solving forward problem: (1) to 

evaluate ECT sensor design (2) to obtain sensitivity maps and (3) for iteration (Ren, 

2015). There are two ways of solving the forward problem, either by direct experiment 

or by simulation (Yang et al., 1995). Since the capacitance difference is very small, the 

first method requires tedious procedure and very sensitive transducers. Hence, the latter 

is preferable.  

 

There are two most relevant numerical approaches of solving the forward problem for 

the industrial applications (1) finite-different method (FDM) (Fang, 2004) and (2) 

finite-element method (FEM) (Yang and Conway, 1998). Both methods are described 

by partial differential equations (PDEs) to obtain the potential distribution.  

 

FDM is the oldest method based on Taylor’s polynomial to approximate the partial 

differential equation. Basically, FDM uses a topologically square network of lines to 

construct a mesh. This factor is limiting the geometry design, thus the application is 

more suitable for rectangular shapes and simple design.  

 

FEM is a more sophisticated and flexible method, which can find approximate solutions 

to the partial differential equation, PDE as well as the integral equations. In general, 

FEM does not rely on any specific mesh structure (Peiro and Sherwin, 2005). The 

integral formulation does not require the element boundary to be too sharp to assure 

accuracy. FEM has been developed successfully for computer simulation used in 

engineering application, for example in multiphase flows, heat transfer and 

electromagnetism. A few examples of available software packages in the market are 

COMSOL, ANSOFT, CAMPOM or the MATLAB-based virtual ECT. In this project, 

COMSOL is selected for FEM simulation because of its valuable features, such as GUI 

tools for creating geometry and domains, automatic mesh generation and capability of 

solving equations. The equation solves the unknown values using linear algebra or a 

nonlinear numerical scheme, such as 2
nd

 order algebra approximation. In general, the 

software performs in 3 steps: (1) pre-processing, which defines the modelling and 

factors, (2) solving a finite element model and (3) post-processing results, with data or 

visualisation tools. Examples of FEM mesh and potential distribution on COMSOL are 
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shown in Figure 2.4. The FEM-based calculation is definitely more complicated than 

FDM but provides good accuracy. In addition, FEM is a good option for most types of 

analysis in structural mechanics with high capability of handling complex geometries 

and boundaries. 

 

  

(a) FEM mesh (b) Potential distribution 

  
Figure 2.4: Examples of FEM mesh and potential distribution on COMSOL  

 

Once the potential distribution is solved using the solver, which in this research is using 

COMSOL, the electric charge Q can be calculated by means of the Gauss Law (Kim et 

al., 2007) 

 

 
𝑄 = − ∮ 𝜀(𝑥, 𝑦)𝛻𝜙(𝑥, 𝑦)𝑑𝛤

𝛤

 (2.2) 

 

where Γ is the electrode surface, 𝜙(𝑥, 𝑦) is the potential distribution and 𝜀(𝑥, 𝑦) is the 

permittivity distribution at coordinate x and y. Then, the inter-electrode capacitance can 

be calculated by (Kim et al., 2007) 

 

 𝐶 =  
𝑄

𝑉
= −

1

𝑉
∮ 𝜀(𝑥, 𝑦)𝛻𝜙(𝑥, 𝑦)𝑑𝛤

𝛤

 (2.3) 

 

where V is the voltage between the excitation and detection electrode. 
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2.5 Sensitivity map 

The sensitivity map is the sensitiveness measurement of the region in detecting the 

change of the permittivity of the medium that will affect the capacitance value (Isaksen 

and Nordtvedt, 1993). The number of sensitivity maps is determined by the number of 

electrodes of an ECT sensor. Generating sensitivity maps is commonly carried out by 

dot multiplication. A recent study shows that perturbation method by simulation can be 

done (Frias, 2015). Both methods use FEM software, COMSOL to obtain the electric 

potential and MATLAB to simulate the sensitivity maps.  

 

The dot multiplication method uses electric fields between an excitation (i) and 

detection (j) electrodes to calculate a sensitivity map. In this case, one electrode is set as 

an excitation electrode, while the rest are grounded. When the voltage, Vi is applied on 

the excitation electrode i, the sensitivity between electrode pair i − j  is defined as (Liu, 

2001) 

 

 𝑆𝑖,𝑗(𝑥, 𝑦) = − ∮
𝐸𝑖(𝑥, 𝑦)

𝑉𝑖
∙

𝐸𝑗(𝑥, 𝑦)

𝑉𝑗
𝑑𝑥𝑑𝑦

𝑝(𝑥,𝑦)

 (2.4) 

 

where Ei(x,y) is the electric field distribution at (x,y) when electrode i is the excitation 

electrode at potential Vi, whilst other electrodes remain at ground, and p(x,y) is the area of 

the pixel at (x,y). 

 

As an alternative, equation (2.4) can be expressed as gradient format of the electric field 

in Laplace equation. 

 

 𝑆𝑖,𝑗(𝑥, 𝑦) = − ∮ (
𝜕𝜙𝑖

𝜕𝑥

𝜕𝜙𝑗

𝜕𝑥
+  

𝜕𝜙𝑖

𝜕𝑦

𝜕𝜙𝑗

𝜕𝑦
) 𝑑𝑥𝑑𝑦

𝑝(𝑥,𝑦)

 (2.5) 

 

where 𝜕𝜙𝑖 𝜕𝑥⁄  and 𝜕𝜙𝑖 𝜕𝑦⁄  are gradient of potential value with electrode i in x vector 

and y vector, respectively (Li, 2008).  
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Examples of common sensitivity maps with the empty background for 8-electrode ECT 

sensor are shown in Figure 2.5. 

 

  
(a) Adjacent electrodes (b) 1-electrode apart 

  
(c) 2-electrode apart (d) Opposite electrode 

  
Figure 2.5: Examples of common sensitivity maps for 8-electrode ECT sensor 

 

2.6 Inverse problem 

The goal of solving the inverse problem is to visualise the component’s permittivity in 

the sensing area from the variation of capacitance between the two electrodes. The 

relationship between capacitance and permittivity can be defined as (Ren, 2015) 

 

 𝐶𝑛𝑜𝑟𝑚 = 𝑆𝑔 (2.6) 

 

where 𝐶𝑛𝑜𝑟𝑚 is the normalised capacitance, S is the normalised sensitivity matrix and 𝑔 

is the normalised permittivity distribution. The 𝐶𝑛𝑜𝑟𝑚 can be calculated by using (Ren, 

2015) 

 

 𝐶𝑛𝑜𝑟𝑚 =
𝐶𝑚 − 𝐶𝐿

𝐶𝐻 − 𝐶𝐿
 (2.7) 

 

where 𝐶𝑚 is the measured capacitance when the sensor filled with test material or  test 

flow regime, and 𝐶𝐻 and 𝐶𝐿 are the capacitances with the sensor filled with high and 

low permittivity material respectively.  
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There are two major difficulties related to equation (2.6): (1) the ill-posed and (2) ill-

conditioned. Ill-posed is a condition of a limited number of independent measurements 

compared to the unknown variables such as the number of pixels, which creates various 

possible images or solutions. Ill-conditioned makes equation (2.6) sensitive to small 

perturbations of Cnorm, causing high potential of measurement and numerical error in 

image reconstruction (Yang and Peng, 2003; Yang et al., 1999).  

 

For the past three decades, there is tremendous development of algorithms reported for 

ECT to solve inverse problem, including non-iterative such as the linear-back-projection 

(LBP) (Xie et al., 1992), Tikhonov regularisation (Tikhonov and Arsenin, 1977) and 

singular value decomposition (SVD) (Peng et al., 2000). The iterative algorithms are 

like the Landweber (Yang et al., 1999; Liu et al., 1999; Li and Yang, 2007; Li and 

Yang, 2008), Newton-Raphson  method (Hansen, 1997) and total variation method 

(TV) (Wang et al., 2007; Soleimani and Lionheart, 2005) . There are also some other 

iterative unconventional algorithms proposed, such as the model-based iterations 

(Isaksen et al., 1994; Banasiak and Soleimani, 2010; Ren et al., 2014). The suitability of 

algorithms based on many factors but the accuracy and speed are the main concerns. In 

practice, many researchers prefer LBP because it is simple and fast, but with Landweber 

a good image quality is expected. 

 

LBP is a straightforward non-iterative algorithm, which uses linear approximation. If 

inverse sensitivity matrix, S
-1

 exists, then equation (2.6) can be simply rewritten as 

 

 𝑔 = 𝑆−1𝐶𝑛𝑜𝑟𝑚 (2.8) 

 

However, S
-1

 does not exist because it is a non-square matrix. Therefore, an alternative 

method must be used. If S is assumed as a linear mapping from the permittivity vector 

space to the capacitance vector space, then transpose sensitivity matrix, S
T 

can be 

considered as a related mapping from the capacitance vector space to a permittivity 

vector space. This assumption gives an approximated solution as follows (Yang and 

Peng, 2003)  

 𝑔̂ = 𝑆𝑇𝐶𝑛𝑜𝑟𝑚 (2.9) 

 

where 𝑔̂ is the estimated permittivity distribution. Equation (2.9) can be normalised to 
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 𝑔̂ =  
𝑆𝑇𝐶𝑛𝑜𝑟𝑚

𝑆𝑇𝑢𝐶𝑛𝑜𝑟𝑚

 (2.10) 

 

where 𝑢𝐶𝑛𝑜𝑟𝑚
= [1,1 … 1] is an identity vector. 

 

Landweber algorithm was first initiated to solve the ill-posed problem of Fredholm 

integral equation of the first kind (Landweber, 1951; Li and Yang, 2008). The iteration 

is based on the steepest gradient method, which is extensively used in optimisation 

process (Yang et al., 1999; Liu et al., 1999; Polydorides, 2002; Jang et al., 2006). 

Basically, Landweber iteration still uses the LBP algorithm, but with the enhancement 

of being iterative and has a close-loop feedback. Landweber algorithm employs an 

iteration number, k and a relaxation factor, α that help with the efficiency of 

convergence.  

 

With a fix α, Landweber algorithm can be represented by (Yang et al., 1999) 

   

 {
𝑔̂0 =  𝑆𝑇𝐶𝑛𝑜𝑟𝑚

𝑔̂𝑘+1 = 𝑔̂𝑘 + 𝛼𝑆𝑇(𝐶𝑛𝑜𝑟𝑚 − 𝑆𝑔̂𝑘)
 (2.11) 

 

where the initial value of 𝑔̂0 is normally calculated using LBP.  

 

With the Landweber, the image error decreases quickly during the earlier iterations, but 

it would increase after the minimal point. Despite of this flaw, Landweber algorithm is 

still widely used and in most cases, it can provide good quality images (Yang and Peng, 

2003).  

 

Examples of reconstructed images with LBP and Landweber algorithms are shown in 

Figure 2.6 using a low permittivity material, ε = 1 (blue) and high permittivity material, 

ε= 2.1 (red). It shows that visually, Landweber managed to image the permittivity 

distribution more accurate to the real phantom in comparison with the LBP. 
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(a) Real permittivity distribution 

(phantom) 
(b) LBP (c) Landweber 

    
Figure 2.6: Example of reconstructed images with LBP and Landweber algorithms 

 

2.7 Summary 

This Chapter presents fundamental knowledge of ECT, including the past and current 

research. The three main elements of the overall ECT system, which consists of an ECT 

sensor, the measuring circuit and image reconstruction algorithms, have been discussed 

in detail. Solutions to challenges in measurement and image reconstruction are 

presented.  

 

According to the reviews, most suitable ECT sensors for this work are with 8 or 12 

electrodes. An impedance analyser is chosen as the measuring circuit due to its high 

accuracy and high resolution. Because a circular ECT sensor is used in this research, an 

FEM solver with triangle element is employed to improve measurement accuracy at the 

boundary area. Image reconstruction will be carried out with LBP and Landweber 

algorithm.  

 

Despite of all benefits that have been mentioned, there are still drawbacks in ECT. ECT 

is reliable and stable for an oil-continuous flow, non-conductive, low permittivity 

contrast materials. Research has been carried out to extend ECT functions to measure 

high contrast permittivity, higher conductivity material towards a water-continuous 

flow. However, this is still a challenge e.g. on a mixture of gas/oil/water with higher 

WLR, or on granules with higher moisture. To enhance the range of measurement for 

multiphase flows, ECT needs a complementary function. An option is to develop a dual-

modality sensor. This research proposes and explores the potential of microwave 

sensors operated at a higher frequency to fill in the gap. Details will be discussed in the 

next chapters. 
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Chapter 3: Microwave sensors 

 

Microwave sensors have been developed in industries since the 1950s for the 

measurement of the permittivity of a single material or mixture. During the 1970s and 

1980s when the solid-state components and microprocessor technology were growing, 

microwave sensors were highly demanded. Since then, the microwave sensor 

technology has been advanced and been implemented for a wide range of applications, 

such as for measurement of distance, movement and shape, and particle size, but mostly 

for measurement of material properties (Nyfors, 2000). 

 

The principle of microwave measurement is significantly different from the impedance 

measurement is that they operate at a higher frequency range; with a corresponding 

electrical wavelength between 1 mm to 1 m. Microwave sensors function based on the 

interaction between the waves and the object under test. The measurement is determined 

by the complex permittivity of the medium. As different material has different 

permittivity, for a mixture, the permittivity depends on the components, composition 

and structure of the substance. By measuring the permittivity, information about the 

composition can be retrieved. To measure a single or the most two phase flow, it is 

possible to use a single modality of sensors. However, in a case of more than two 

components, such as a gas/oil/water flow, dual-modality sensing is needed (Nyfors, 

2000).  

 

There are five major categories of microwave sensors: (1) transmission sensors, (2) 

reflection and radar sensors, (3) resonant sensors, (4) tomographic sensors and (5) 

radiometer sensors. Different devices can measure different properties and common 

parameters are for examples, the frequency of transmitted electromagnetic, the 

wavelength and complex permittivity. The principle for the microwave sensors and their 

suitability for applications have been thoroughly explained by (Nyfors and Vainikainen, 

1989; Nyfors, 2000; Falcone et al., 2010). 
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3.1 Microwave cavity resonant sensor (MRS) 

The resonant cavity technique has been used for determining the dielectric properties in 

various applications. In 1979, at the University of Delaware, (Lakshiminarayana et 

al.,1979) designed a rectangular and cylindrical resonant sensor that operates at 

different frequencies, to measure the permittivity and diameter of a dielectric rod 

inserted through the cavity. A single Gunn oscillator system was used for coupling 

microwave energy into and out the cavities. They analysed the frequency shift at 

different modes. The result was promising with error rate 5% or lower. Research using a 

cylindrical cavity, but with double cut-off Gunn oscillator, to measure moisture in 

fibrous materials was carried out by (Hoppe et al., 1980) in the Philip Research 

Laboratories in Hamburg. They conducted an experiment on cotton fibres and the 

results showed that a density-independent moisture measurement could be achieved 

based on two parameter microwave at fixed frequency.  

 

There are several reports on application related to microwave treatment and 

measurements, i.e. heating or curing and measure with microwave, for example from 

(Araneta et al., 1984) and (Akyel et al., 1985), who used rectangular cavity for their 

research. The work by (Araneta et al., 1984) described a technique that used cavity with 

single source excited by iris to simultaneously heating and characterising a dielectric 

rod, whilst (Akyel et al., 1985) presented a computer-aided permittivity measurement 

(CAPM) used together with a rectangular cavity to heat and dry paper samples and 

concurrently measure the complex permittivity and weight of the sample. Chemical 

reacting materials, i.e. epoxy/amine in a single-mode cylindrical shaped cavity were 

diagnosed by (Jow et al., 1987). They performed measurement comparison between 

fixed and swept frequency. It was concluded that the use of single-mode microwave 

resonant cavity at a single frequency in conjunction with fluoroptic temperature 

measurement was successful, showing a consistent result with previous work. (Kanopka 

and Majewski, 1980) from the Institute of Physics in Warsaw developed a method that 

exposed the experiment sample to strong electromagnetic fields and then measured 

small change in electric or magnetic change in material. Their system comprises of two 

microwave signal sources, a cylindrical cavity and super-heterodyne receiver. They 

claimed that the method was very sensitive for detecting changes in conductivity at the 

smallest of 10
-10

 order.  
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The cylindrical cavity resonator has also been used as a humidity sensor by (Toropainen 

et al., 1987). The construction of the cavity was fully made of metal and has a partition 

that splits a portion of the waveguide into coaxial and smaller waveguide. At 9.5 GHz, 

the system measures the humidity of air from the real permittivity and temperature of 

the air flow. They claimed that the sensor is dirt-insensitive and can work in a wide 

range of temperature.  

 

It was reported to determine water in oil emulsions with cavity resonator, e.g. by 

(Doughty, 1977) of Bartlesville Energy Research Centre, Oklahoma. Doughty used a 

rectangular cavity with a thin pipe to measure a small sample of liquid (0.2cm
3
). The 

apparatus operates at 9.51 GHz and measures water content from 0% to 100%. It was 

concluded that the results from the experiments were confined and applicable, but the 

precision decreased with higher WLR (above 40%). However, it was also suggested that 

a larger sample can be used to overcome the problem.  

 

Previous research also includes microwave cavity resonator to be used in automotive as 

a device to monitor combustion cycle (Merlo, 1970) and as a miniature temperature 

transponder (Baumann et al., 1987).  

 

More recent research includes the usage of the cylindrical cavity for multiphase flow 

measurement, specifically through pipelines in the oil and gas industry. In 2006, (Wylie 

et al., 2006) from Liverpool John Moores University in conjunction with Solartron ISA 

developed a cylindrical cavity resonator with antennas to excite the resonant modes. 

The system works in a range of 100-350 MHz and measured resonant peaks 

instantaneously for detection of phase fractions. They carried out experiments with 

dynamic dispersed and annular flow at National Engineering Lab (NEL), East Kilburn, 

Scotland. The tests were done on two-phase (oil/water) and three-phase (gas/oil/water) 

flows with water fraction of maximum 52%. Research on determining water fraction 

was also carried out by (Avila et al., 2013). They used a cylindrical resonant cavity 

sensor with a portable scalar network analyser system (SNA) to detect water fraction in 

a stratified two-phase flow of water/gas and water/oil. The WLR ranges from 0% to 

100%, with fresh and sea water. They concluded that at their defined flow conditions, 

the fundamental resonance was sufficient to measure the fluid features, including the 

percentage of water. More examples of reported work employing cavity resonant sensor 
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were carried out by (Al-Hajeri et al., 2007, (Gennarelli et al., 2013) and (Nohlert et al., 

2015).  

 

3.1.1 MRS system 

Figure 3.1 shows the overall MRS system that was developed at the University of 

Manchester for this research. It consists of: (1) a cavity resonator, (2) a scalar network 

analyser (SNA) system and (3) a control PC. The electromagnetic signal is injected to 

and received from the sensor through 50ohm coaxial cables. The SNA system is 

powered and controlled using USB cables, with the graphical user interface (GUI) 

software (SPIKE) for display. The transmitter and receiver are connected using a BNC 

cable. More details of the main components will be described in the following sections. 

  

 

Figure 3.1: Microwave cavity resonant sensor (MRS) system. 

 

3.1.2 Cavity resonator  

Cavity resonators are closed metallic devices in which the energy is stored in the 

electromagnetic fields at high frequency (Avila, 2013). The most common structure of a 

cavity resonators is with the rectangular and cylindrical shapes, as shown in Figure 3.2 

(Ishii, 1989).   

 

In the cavity, resonance occurs when the propagation wave and reflected wave are in 

phase, where the interference could produce a constructive or destructive wave pattern 

called a standing wave pattern. This phenomenon happens at distinct frequencies called 

resonant frequencies, that correspond to a different propagation modes denoted as 
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transverse electric, TEmnl and transverse magnetic, TMmnl, where m, n and l are the 

number of variations in the standing wave pattern in x, y and z directions (Nyfor and 

Vainikainen, 1989; Pozar, 2008).  

 

 
 

(a) Rectangular (b) Circular 

  
Figure 3.2: Structure of cavities 

 

The resonant frequencies of rectangular and cylindrical resonators as above structures 

can be expressed as equation (3.1) and (3.2), respectively (Pozar, 1998). 
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(3.2) 

 

where c is the speed of light (3 x 10
8
 m/s), μ and ε are the permeability and permittivity 

of the material filling the cavity, respectively. 𝑝𝑛𝑚
′  is the cut-off wavenumber of TEnml 

wave mode in cylindrical cavity. For TMnml mode, 𝑝𝑛𝑚
′  should be replaced by 𝑝𝑛𝑚 as 

derived by (Nyfors, 2000) and (Pozar, 1998). a, b, d, r and h are the cavity’s 

geometrical parameters as shown in Figure 3.2.  

 

3.1.3 Coupling devices 

A resonant sensor needs to be coupled with an external electronic circuit to perform the 

measurement. To obtain the maximum transmission power, the resonator must be 

critically coupled to the feed. There are many kinds of coupling devices to be used, but 
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in common they can be classified as: (1) probe, (2) loop and (3) aperture. The structure 

and principle of each coupling devices have been described by (Nyfors, 2000; Nyfors 

and Vainikainen, 1989).    

 

A probe is a coaxial cable that is extended to become a coupling probe. The current 

flow is small but the voltage is enough to create an electric field. The energy propagates 

like a small monopole antenna, between the probes and the wall of the resonant sensor. 

This coupling probe is easy to tune and suitable for very-high-frequency (VHF) and 

ultra-high-frequency (UHF) band microwave. 

 

A loop is basically an extended probe coupling, with bent centre conductor grounded to 

the wall of the resonant sensor. The grounding creates a short circuit to the feeding line. 

The voltage becomes negligible but the current creates a strong magnetic field. The 

magnetic field radiates along the loop tangential to the resonator wall. A loop coupling 

is more rugged than the probe coupling but more difficult in tuning.  

 

Aperture coupling is normally a small round hole in the waveguide or at the shorted 

end. It can be magnetic or electric coupling aperture, depending on the resonance mode. 

The electric field or magnetic field can penetrate through the aperture and coupled with 

the resonance mode. The location of the aperture influences the coupling with reference 

to the resonance mode and field lines (Nyfors and Vainikainen, 1989). 

 

3.1.4 Network analyser 

A network analyser measures scattering parameters of linear microwave element as a 

function of frequency. There are two types of network analyser in common: (1) scalar 

network analyser (SNA) and (2) vector network analyser (VNA). The major difference 

between a VNA and SNA is that the VNA measures both amplitude and phase whilst 

the SNA only measures the amplitude. 

 

In this research, a Signal Hound tracking generator (USB-TG44A) and a spectrum 

analyser (USB-SA44B) from Test Equipment Plus is programmed as an SNA to 

measure scattering parameter, S21 as a function of frequency. The principle of scattering 

parameters can be referred to (Kurokawa, 1965; Eisenstadt and Eo, 1992; Pozar, 1998). 

With this system, the detection bandwidth is narrow, usually providing a large dynamic 
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range, and hence spurious harmonic signal can be avoided. The operating frequency and 

temperature can be up to 4.4 GHz and 70
o
C respectively (Test Equipment Plus, 2010). 

This system is chosen over a VNA because it is portable, compact and simple to use for 

a general lab experiment.  

 

3.2 Microwave tomography (MWT) 

In the early 1980s, the development of microwave imaging technique becomes 

significantly notable. It was recognised as a new area of investigation and Microwave 

Prize was awarded at the European Microwave Conference in Nurnberg, 1983 

(Bolomey, 1989). The technology was first found medical applications, with great 

influence from the research of (Larsen and Jacobi, 1979). Their research was using 

microwave frequency at range 3.9 GHz for image projection of canine kidney. Some 

early extensive feasibility studies of microwave tomography in biomedical application 

were carried out by (Bolomey et al., 1982) in collaboration with Laboratoire de 

Thermologie Biomedicale (Strasburg) and Societe d’Etude du Radant (Orsay), and 

(Pichot et al., 1985; Peronnet et al., 1983) from the Laboratoire des Signaux et 

Systemes, France, in detecting isolated organs. Microwave tomography was also 

proposed to be used for tissue assessment (Meaney et al., 1996), detection of breast 

cancer (Irishina et al., 2008; Xu et al., 2012) and detection of thermal gradient in the 

brain to control hyperthermia (Broquetas et al., 1987; Rius et al., 1992). Some other 

non-medical applications of microwave tomography are research by (Olver and 

Cuthbert, 1988), (Chommeloux et al., 1986), (Aitmehdi et al., 1988) and (Dourthe et 

al., 2000). 

 

The investigation of microwave tomography for multiphase flow imaging started in the 

1990s at UMIST (currently known as University of Manchester). Since then, there are 

many related research activities on microwave tomography, especially for oil and gas 

application. In 2009, (Wu et al., 2009) developed a microwave tomography system to 

image static-dielectric distribution at two different frequencies i.e. 2.5 GHz and 4 GHz. 

The result obtained from this research was promising with images at 4 GHz giving good 

quality and high resolution.  
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3.2.1 MWT system 

The objective of the MWT is to determine the complex permittivity distribution from 

the scattered electromagnetic field around the periphery of the substance at different 

angles to create multiple views, with normally uniform permittivity background (Wu et 

al., 2009).  

 

The MWT system used in this research was designed at the University of Manchester. 

The software was developed by the Sensona Ltd, UK and the whole system has been 

tested for the first time in the Institute of Engineering Thermophysics (IET), Chinese 

Academy of Sciences, Beijing. The microwave tomography system is shown in Figure 

3.3. The sensor has 16 symmetrically arranged mono-pole copper antennas connected to 16 

measurement channels. The antennas are 15 mm in length and are used as 8 transmitting 

antennas and 8 receiving antennas. Adjacent antennas are separated by 22.5o and are 

numbered in clockwise. All the antennas are connected to the ports according to the 

connection arrangement e.g. antenna 1 to port 1, and antenna 2 to port 2. The Sensosoft 

software, which is the integral part of the system, is installed on a control laptop that is 

connected to the MTS-LU-16-1000 hardware via a USB hub and USB cable. The system is 

powered up by 24 V supply and operates at a frequency range of 1-2.5 GHz (Sensona Ltd. 

UK, 2013).  

 

 

   
Figure 3.3: Microwave tomography (MWT) system  

 

A comprehensive comparison between the ECT and MWT systems used in the IET for 

the experiments in Chapter 6 is shown as in Table 3.1  (Wang et al., 2016). 
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Table 3.1: Comparison between ECT and MWT system at the IET for experiments in 

Chapter 6 (Wang et al., 2016) 

   
Features ECT MWT 

 Operating frequency 10 kHz ~ 500 kHz 1 GHz ~ 2.5GHz 

 Sampling frequency 120 f/s (12 electrodes) 20 f/s 

 Measure change of permittivity Yes Yes 

 Measure conductivity No Yes 

 Ability to measure in low moisture Yes Yes 

 Ability to measure in high moisture No Yes 

 Stability Yes No 

 Signal-to-noise ratio (SNR) Low High 

 Cost Low High 

 

3.2.2 Image reconstruction  

Similar to the ECT system, to obtain images, the microwave tomography system has 

two main problems to solve (1) forward problem and (2) inverse problem. The objective 

of solving the forward problem is to determine the scattered electric field of the 

permittivity distribution. On the other hand, the goal of the inverse problem is to find 

the dielectric contrast using the measured scattered electric field data (Nugroho and Wu, 

2015; Wu et al., 2009). The relationship between the dielectric contrast, χ and the 

scattered electric field E
S
 can be expressed as (Franchois and Pichot, 1997) 

 

 𝐹(𝜒) =  𝐸𝑆 (3.3) 

 

where F is a complex nonlinear vector function of χ. Due to strong nonlinear problem, a 

Newton iterative based on Levenberg-Marquardt method is adopted to solve equation 

3.3. The derivation is described in (Nugroho and Wu, 2015; Wu et al., 2009; Wang et 

al., 2016). The change of scattered electric field with respect to the increment of 

dielectric contrast 𝜒 at k-th iteration can be written as (Wang et al., 2016) 

 

 𝐹′(𝜒𝑘)𝛿𝜒𝑘 =  𝛿𝐸𝑘
𝑆 = 𝐸𝑚𝑒𝑎𝑠

𝑆 − 𝐹(𝜒𝑘) (3.4) 

 

where 𝐸𝑚𝑒𝑎𝑠
𝑆  is the measured data and 𝛿𝜒𝑘 is the incremental of 𝜒 at k-th iteration. With 

the solved value of 𝜒𝑘 , the new solution of 𝜒 at (k+1) is given by 

 

 𝜒𝑘+1 = 𝜒𝑘 + 𝛿𝜒𝑘  (3.5) 
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The convergence of the above iteration is evaluated by equation (3.6). The iterative 

process stops when it meets the pre-set convergence criteria or when the number of 

iteration is reached. 

 

 𝑒𝑟𝑟𝑜𝑟 =  ‖𝛿𝐸𝑘
𝑆‖

2
/‖𝐸𝑚𝑒𝑎𝑠

𝑆 ‖2 (3.6) 

 

3.3 Summary 

In the beginning of this research, it was foreseen that using a microwave sensor can 

expand the working range of multiphase flow measurement because it can measure 

complex permittivity. The previous and current work proved some promising results in 

various applications. In this research, a microwave cavity resonant sensor (MRS) and 

microwave tomography (MWT) have been investigated as complementary functions to 

ECT. The major advantage of microwave sensors is that they can provide good contrast 

between high and low permittivity materials, i.e. between water and other dielectric 

materials, such as oil or powder. This feature makes them suitable for measurement of 

WLR or moisture in a mixture.  

 

This Chapter has also discussed the fundamental, methodology and specification of both 

selected systems, MRS and MWT. The overall setup and its components for experiment 

have also been elaborated. MRS will be used as a water-cut meter, together with ECT 

for flow regime detection. On the other hand, MWT is used as another complement 

function of the imaging system at high moisture content, and images with a good spatial 

resolution are expected.  
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Chapter 4: Flow regime identification and WLR 

estimation  

 

4.1 Introduction  

The work described in this Chapter was a collaboration between the University of 

Manchester and the Federal University of Santa Catarina, Brazil. The aim was to 

develop a dual-modality of ECT and MRS system that functions in both oil-continuous 

and water-continuous flow. The main purposes were to (1) identify the flow pattern and 

(2) estimate the WLR from 10% to 90% in volume (ml). An 8-electrode ECT sensor 

and a cavity resonant sensor (MRS) were used to measure stratified and annular flows 

with oil-water emulsion as the test object. In the beginning, both ECT and MRS were 

individually evaluated. 

4.2  Experiment setup 

Figure 4.1 shows the dual-modality system of the ECT and MRS developed in the lab at 

the University of Manchester, UK. 

 

          (a)  PC for ECT   (b)  Laptop for MRS  

          (c)  Multiplexer   (d)  HP 4192A impedance analyser 

          (e)  Cavity resonant sensor   (f)  ECT sensor 

          (g)  USB-TG44A (Tx)   (h)  USB-SA44B (Rx) 

  

Figure 4.1: ECT-MRS overall system 
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Both ECT and MRS were mounted on an open end acrylic pipe. The pipe was 650 mm 

in length and 40 mm in inner diameter. MRS was placed at the centre of the pipe while 

ECT was placed at one end of the pipe. Since the acrylic pipe was almost transparent, 

the flow pattern could be visually observed at the other end. Both ends of the pipe can 

be closed with enclosures as shown in Figure 4.2 (b). To form an annular flow, the 

enclosures were made hollow. A thin plastic sheet and insulation tape were used to 

make an inner pipe, fixed to one enclosure. Once the inner pipe was inserted into the 

acrylic pipe, the other end was closed with a loose enclosure. A hole of 15 mm in 

diameter was made to serve as the liquid inlet on the acrylic pipe. Nylon tape was used 

to avoid leakage at both ends. 

 

  

(a) Dual-modality ECT and MRS (b) Enclosure 

Figure 4.2: ECT-MRS sensor  

 

4.2.1 ECT  

An ECT sensor model used for capacitance measurement is shown in Figure 4.3. It has 

8 symmetrical measurement electrodes. Each of the electrodes is of 100 mm in length. 

A copper screen was used to prevent surrounding noise, and the gap between the screen 

and an electrode was 10 mm. The electrode-to-gap ratio for this ECT is 9:1, as (Tian et 

al., 2016) suggested that a minimum ratio of 6:1 is acceptable in most cases. The sensor 

model was first simulated with COMSOL and MATLAB to evaluate the sensor design. 

The normal distribution of electric field and sensitivity within the test area, as shown in 

Figure 4.4, indicate that the ECT is applicable for experiments. The operation frequency 

for the ECT system was set at 1MHz. 

 

pipe inner pipe 

liquid inlet enclosure 

cavity resonant sensor 

ECT 
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(a) 2D-cross section (b) ECT 

Figure 4.3: 8-electrode ECT sensor  

 

  
(a) Adjacent electrode (b) 1-electrode apart 

  
(c) 2-electrode apart (d) Opposite electrode 

  
Figure 4.4: Sensitivity maps for 8-electrode ECT sensor. 
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4.2.2 MRS 

The geometry and connection of the MRS are shown in Figure 4.5. The rectangular 

resonator was made of a copper plate with two holes so that the pipe could be inserted 

into the cavity. The electromagnetic signal was injected to and received from the sensor 

through 50-ohm coaxial cables. The Signal Hound tracking generator (USB-TG44A) 

and spectrum analyser (USB-SA44B) were programmed as an SNA to measure the 

amplitude (dBm) and the resonant frequency (GHz) of the scattering parameter, S21. 

While the ECT was measuring at a certain frequency (1 MHz), the MRS was configured 

to perform a frequency sweep from 0.1 GHz to 1.5 GHz. 

The principle behind the design was explained in Chapter 3.1. The sensor was first 

tested with the vector network analyser (VNA) and then with the SNA. Figure 4.6 

shows similar result of resonant peak at resonant frequency 0.9 GHz for both systems; 

therefore, it was concluded that the portable SNA was accurate enough to perform the 

measurement. 

 

  
(a)  Cavity (b) System connection 

  
Figure 4.5: Individual MRS system 

 

  

(a)  From VNA (b)  From SNA 

Figure 4.6: MRS validation result  

 (USB-

TG44A) 

(USB-

SA44B) 

0.9 GHz 
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4.2.3 Flow regimes and test materials 

For this work, the oil-water emulsion with different range of WLR was used as the test 

object. Stratified and annular flows were selected for the flow regime identification 

study, as shown in Figure 4.7. The range of the WLR for this experiment was from 10% 

to 90% with 10% step size. 

  

Figure 4.7: Flow regimes for identification 

 

Tap water (ε=80) and commercial vegetable oil (ε=2.6) were used as the base liquid. 

For the experiments, these two types of liquid were mixed and blended with a kitchen 

blender to form the emulsion. Beaker scales were used to measure the amount of oil and 

water. Basically, an emulsion is dispersion (droplets) of one liquid in another 

immiscible liquid. The phase in which the droplets form is known as the dispersed 

phase while the phase in which the droplets are suspended in, is known as the 

continuous phase i.e. water-in-oil emulsions that consist of water droplets is an oil-

continuous phase, and oil-in-water emulsions that consist of oil droplets is a water-

continuous phase. In an oilfield industry, the amount of water that emulsifies with crude 

oil can vary from less than 1% to sometimes greater than 80%. Figure 4.8 shows the 

main classifications of the emulsions: (1) water-in-oil, (2) oil-in-water and (3) multiple 

or complex emulsions. Multiple emulsions are more complicated and consist of tiny 

droplets suspended in bigger droplets that are suspended in a continuous phase (SPE, 

2016). For this research, only oil-continuous and water-continuous were considered. 

 

The inversion point of light oil–water mixture usually occurs at 40–60% WLR. 

However, the point varies depending on oil viscosity. In general, the inversion process 

for oil-water flow can be described as in Figure 4.9 (Falcone et al., 2010). 
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(a) Oil-continuous (b) Water-continuous (c) Complex emulsion 

Figure 4.8: Emulsions (SPE, 2016) 

 

 

Figure 4.9: Inversion process for oil-water flow (Falcone et al., 2010) 

 

4.3 Results from ECT 

In this Section, the capacitance measurement obtained by the 8-electrode ECT was 

analysed and processed to identify the flow regime in full phase and estimate WLR in 

the oil-continuous flow. All the measurements were repeated for 5 times and plotted 

data are based on average values. 

 

4.3.1 Flow regime identification 

An 8-electrode ECT has a total number of 28 independent measurements as expressed 

by equation (2.1). The typical capacitance data at the same and specific concentration 

with the stratified and annular flow are shown in Figure 4.10. The x-axis and y-axis 

represent the capacitance (pF) and the 28 independent measurements, respectively. By 

looking only at these two graphs, it is difficult to identify the flow regime as the trend of 

the graphs (oscillation of the signals) look almost identical.  
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(a) Stratified (b) Annular 

Figure 4.10: Typical capacitance measurement 

 

The data in Figure 4.10 were then analysed individually according to the electrode pairs. 

Figure 4.11 (a to d) shows the capacitance for adjacent electrodes, 1-electrode apart, 2-

electrodes apart and opposite electrodes, respectively. From all the plots, it is observed 

that 1-electrode apart and 2-electrodes apart data demonstrate an obvious difference 

between the stratified and annular flows. Therefore, these unique individual data 

patterns can be used as a method to identify the flow regime from the capacitance 

measurement.  

  

(a) Adjacent electrodes (b) 1-electrode apart 
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(c) 2-electrodes apart (d) Opposite electrodes 

Figure 4.11: Capacitance measurement by electrode pair 

 

Although either 1-electrode apart or 2-electrodes apart can be chosen for flow pattern 

identification, the selection needs to consider the sensitivity distribution of interest as 

well. To select only 1-electrode apart may cause low sensitivity of measurement at the 

centre region while selecting 2-electrode apart can provide minimal loss in the centre as 

it has lower measurement sensitivity at the peripheral area. Figure 4.12 illustrates both 

situations (1-electrode apart and 2-electrodes apart) with the possible low sensitivity 

region highlighted in black. Selecting both sets of data not only improves measurement 

sensitivity but also further signifies the difference between the stratified and annular 

flows. 

 

(a) 1-electrode apart 

 
 

 

(b) 2-electrodes apart 

  

 

Figure 4.12: Coverage of measurement 

E2 

E8 

E2 

E7 
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a. ‘Fingerprint’ for capacitance data 

The plot of measured capacitance against WLR is shown in Figure 4.13. The WLR 

varies from 10% to 90%. Figure 4.13 (b) illustrates the magnified plot for measurement 

number 24. It shows a non-linear relationship at higher WLR (more than 50%). 

 

  

(a) 16 measurements (b) Measurement number 24 

Figure 4.13: Capacitance against WLR for stratified flow 

 

A similar behaviour is observed with the annular flow, as shown in Figure 4.14. With 

the WLR more than 50%, the relationship between capacitance and WLR is no longer 

linear. In addition, the separation between low and high WLR (considered the gap 

between 50% and 60%) is more obvious with the annular flow than with the stratified 

flow.  

  

(a) 16 measurements (b) Measurement number 6 

Figure 4.14: Capacitance against WLR for annular flow 

 



59 

 

As seen in Figure 4.13 and Figure 4.14, it can be confirmed that the stratified and 

annular flows maintain their own unique data patterns at any range of WLR. Therefore, 

each of the flow regimes can be represented by one set of identity data known as 

‘fingerprint’ (Xie et al., 1989). Figure 4.15 shows the ‘fingerprint’ for the stratified and 

annular flows obtained from the average value in Figure 4.13 and in Figure 4.14. 

  

(a) Stratified (b) Annular 

Figure 4.15: ‘Fingerprint’ of stratified and annular flows from capacitance data 

 

b. Euclidean distance calculation 

The Euclidean distance or Euclidean metric refers to the straight distance between two 

points in the Euclidean space. With this distance, the Euclidean space becomes a metric 

space. The norm of the metric is called the Euclidean norm. In Cartesian coordinates, if 

m = (m1,m2,..., mt) and r=(r1, r2,..., rt) are the two points in the Euclidean space, then the 

distance (d) from m to r, or from r to m is given by the Pythagorean formula 

 

 𝑑(𝑟, 𝑚) = 𝑑(𝑚, 𝑟) =  √(𝑟1 − 𝑚1 )
2

+ (𝑟2 − 𝑚2)
2

+ ⋯ + (𝑟𝑡 − 𝑚𝑡 )
2
 (4.1) 

 

where r and m are the Euclidean vectors and t is the number of measurement between 

the points in the Euclidean space.  

In this work, r and m represent the ‘fingerprint' and the measured capacitance 𝐶𝑚 

respectively. With the ‘fingerprints’ of the standard flow patterns stored in the computer 

as a data bank (for stratified and annular), the identification of the flows can then 
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proceed by comparing any measurement capacitance, 𝐶𝑚 with each of these 

‘fingerprints’. The smaller the distance, d(r,m), the closer the distance between 𝐶𝑚 and 

‘fingerprint’ value is. When the minimum value of d(r,m) is obtained, then it can be 

concluded that the flow pattern identification process is complete. Figure 4.16 illustrates 

the concept at a single point where d2<d1 (d2 is the minimum); therefore, it is 

determined as an annular flow.  

  

  

Figure 4.16: Euclidean distance for identifying stratified and annular flows 

 

The flow chart of the flow regime identification process is shown in Figure 4.17. 

 

 

Figure 4.17: Flow regime identification process with Euclidean distance 
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The overall result of the flow regime identification with capacitance data is shown in 

Table 4.1. The compliance in detecting the stratified or annular flow of the emulsion 

was 100% through the adaptation of the ‘fingerprint’ method and the Euclidean 

function.  

Table 4.1: Flow regime identification result 

Real flow regime WLR (%) d1 d2 Minimum Predicted flow regime 

      

Stratified 

10 0.83 1.03 d1 Stratified 

20 0.65 0.93 d1 Stratified 

30 0.44 0.91 d1 Stratified 

40 0.24 0.93 d1 Stratified 

50 0.14 1.01 d1 Stratified 

60 0.48 1.32 d1 Stratified 

70 0.59 1.40 d1 Stratified 

80 0.54 1.36 d1 Stratified 

90 0.56 1.39 d1 Stratified 

Annular 

10 1.08 0.99 d2 Annular 

20 1.05 0.88 d2 Annular 

30 1.01 0.72 d2 Annular 

40 1.02 0.55 d2 Annular 

50 1.03 0.37 d2 Annular 

60 1.62 0.90 d2 Annular 

70 1.62 0.87 d2 Annular 

80 1.41 0.82 d2 Annular 

90 1.62 0.88 d2 Annular 

 

4.3.2 Estimation of WLR with capacitance data 

Figure 4.18 gives the corresponding mean capacitance from 28 measurements plotted 

against the WLR. The plot shows that for both flow regimes, the mean capacitance 

increases almost linearly from WLR 10% to 50%. When the WLR is greater than 50%, 

the relationship becomes non-linear. The possible reason for this non-linearity is that the 

phase has changed from oil-continuous to water-continuous flow. Therefore, the ECT is 

only possible to give an accurate estimation of WLR 50% and below. 

 

To characterise ECT behaviour, the measurement data from WLR 10% to 50% were 

fitted. The graphs and coefficient values are shown in Figure 4.19. The estimation of 

WLR at maximum 50% calculated by the equations in Figure 4.19 is shown in Table 

4.2. In this Chapter, the percentage of error is calculated by 

(|𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑊𝐿𝑅 − 𝑅𝑒𝑎𝑙 𝑊𝐿𝑅| |𝑅𝑒𝑎𝑙 𝑊𝐿𝑅|⁄ )X 100%. From Table 4.2, it shows that 
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the error rate is mainly lower with the annular flow than with the stratified flow. There 

is an outlier of 10% error for the stratified flow that could be due to the measurement 

error caused by the improper manual mixing of the emulsions.  

 

  

Figure 4.18: Average capacitance against WLR 

 

  
  

Intercept 1.2274 

Slope 0.0022 

Adj. R-Square 0.98 

𝑊𝐿𝑅 = (𝑦 − 1.2274)/0.00212 
 

Intercept 1.2501 

Slope 0.0039 

Adj. R-Square 0.99 

𝑊𝐿𝑅 = (𝑦 − 1.2501)/0.0039 
 

(a) Stratified (b) Annular 

  
Figure 4.19: Linear curve fit for capacitance data 

 

Table 4.2: WLR estimation by capacitance data 

Stratified 

Real WLR 

(%) 

Estimated 

WLR (%) 

Error % 

10 9.0 10.0 

20 20.6 3.0 

30 31.7 5.7 

40 41.5 3.8 

50 47.7 4.6 
 

Annular 

Real WLR 

(%) 

Estimated 

WLR (%) 

Error % 

10 10.4 4.0 

20 19.2 4.0 

30 30.1 0.3 

40 40.6 1.5 

50 49.6 0.8 
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4.4 Results from MRS 

The measurement with MRS was carried out almost simultaneously with the ECT. The 

flow regime and the mixture ratio (water and oil) in volume (ml) are the same for both 

systems.  

 

4.4.1 Resonant frequency and amplitude data analysis  

The first resonant peak of emulsion with the stratified flow is shown in Figure 4.20. The 

amplitude of the resonant peak increases from WLR 10% to 50%, and then decreases 

from 60% onwards. On the other hand, the resonant frequency becomes lower as water 

level increases. The resonant frequency is the highest and lowest at WLR 10% and 90% 

respectively. 

 

  

Figure 4.20: First resonant peak for stratified flow 

 

 

Figure 4.21: First resonant peak for annular flow 

 

Figure 4.21 shows a similar data trend with the annular flow. The highest amplitude is 

found at WLR 50% while the lowest is at WLR 90%. The resonant frequency shifts to a 
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lower value as WLR increases. There is a noticeable gap between WLR 50% and WLR 

60% in the annular flow compared to in the stratified flow.  

Figure 4.22 summarises the amplitude of S21 plotted against WLR. It can be seen that 

the data trend for both flow regimes is similar. The amplitude is weakly dependent on 

the emulsion conductivity when the WLR is equal or less than 50%. The gradient of 

amplitude becomes significant with the WLR more than 50%, where a huge drop is 

observed (from WLR 60% to 90%). This result correlates very well with the 

explanation in Figure 4.9 and also with the capacitance response that shows non-

linearity with the WLR of more than 50% (Figure 4.18). It can be concluded that the 

resonant-based measurement is capable of tracking the change of oil-continuous to 

water-continuous phase (Xie, 2007). For these specific types of emulsions and flow 

regimes, the transition phase from oil-continuous to water continuous is between WLR 

50% and 60%.  

 

Figure 4.22: Amplitude of S21 against WLR 

 

 

Figure 4.23: Resonant frequencies of S21 against WLR 
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The resonant frequency that corresponds to the WLR for the stratified and annular flows 

is shown in Figure 4.23. Overall, the resonant frequency is found to be inversely 

proportionate to WLR for both flow regimes. In the oil-continuous phase, the difference 

between the stratified and annular flows is minimal. However, the variance between the 

two graphs becomes more significant at water-continuous flow. The relationship can be 

used to characterise the sensor.  

 

4.4.2 Estimation of WLR with resonant frequency data 

In order to characterise the behaviour of the sensor, the resonant frequency data were 

fitted in a 4
th

 order polynomial given by equation (4.2). The calculated coefficient 

values are shown in Figure 4.24 for each flow regime.  

 

 𝑊𝐿𝑅(%) = 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 + 𝑏1𝑓𝑟
1 + 𝑏2𝑓𝑟

2 + 𝑏3𝑓𝑟
3 + 𝑏4𝑓𝑟

4
 (4.2) 

 

where 𝑓𝑟 is the first resonant frequency in GHz. 

 

  

intercept 8.9721E5 

b1 -4.4303E6 

b2 8.1955E6 

b3 -6.7300E6 

b4 2.0696E6 

Adj. R-Square 0.9934 
 

intercept -1.2446E5 

b1 6.7431E5 

b2 -1.3574E6 

b3 1.2063E6 

b4 -3.9992E5 

Adj. R-Square 0.9899 
 

(a) Stratified (b) Annular 

Figure 4.24: Polynomial fitted graphs and coefficients with resonant frequency, fr  

 

Table 4.3 shows the estimation of WLR by adapting equation 4.2 and coefficients from 

Figure 4.24. The result shows high error of WLR from 10% to 50%, but the error rate 

improves when WLR is high. This could be due to the small margin of resonant 

frequency value in the oil-continuous flow. This phenomenon can be seen in Figure 

4.23, where the range of resonant frequency (fr) between WLR 10% and WLR 50% is 
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45 MHz which is small in comparison to WLR between 50% and 90% (75 MHz). 

Therefore, the estimation of WLR is highly affected by the small change of frequency in 

the oil-continuous flow than in the water-continuous flow.  

 

Table 4.3: WLR estimation with resonant frequency (fr) 

Stratified 

Real WLR 

(%) 

Estimated 

WLR (%) 

Error 

% 

10 15.1 51.0 

20 22.8 14.0 

30 33.5 11.7 

40 45.6 14.1 

50 56.9 13.8 

60 63.1 5.2 

70 71.9 2.7 

80 85.1 6.4 

90 93.9 4.3 
 

Annular 

Real WLR 

(%) 

Estimated 

WLR (%) 

Error % 

10 13.5 35.4 

20 27.4 36.8 

30 33.0 10.0 

40 45.3 13.4 

50 51.4 2.7 

60 65.5 9.2 

70 74.2 6.0 

80 81.1 1.4 

90 93.9 4.3 
 

 

4.5 Integration of ECT and MRS  

The capacitance and frequency against the WLR are plotted in one graph as shown in 

Figure 4.25. It can be seen that the two systems have a different trend in that with the 

increment of WLR, the capacitance increases, but the frequency decreases. Based on the 

obtained WLR shown in Tables 4.2 and 4.3, ECT and MRS work well in different 

phase. ECT can estimate WLR with low error percentage in an oil-continuous flow, but 

not performing good compared to MRS in the water-continuous flow. Therefore, a 

combination of both systems can optimise the WLR calculation for a more accurate 

estimation.  

  

Figure 4.25: Combination of ECT and MRS 
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To combine ECT and MRS, this research proposes the use of a threshold value as the 

phase switching control parameter. The resonant frequency can be used as threshold 

values since there is no conflicting point within the range (WLR 10% to 90%), i.e. one 

WLR has only one assigned frequency. In reality, the phase transition could be 

anywhere between 50% and 60%, but for calculation simplicity, the value at 50% is 

chosen (one for each flow regime). Therefore, fr(th) = 0.830 GHz and fr(th) = 0.825 GHz 

are defined as the resonant frequency threshold values for the stratified and annular 

flow, respectively.  

 

The flowchart of the dual-modality system is shown in Figure 4.26. There are two main 

tasks in this flow chart, (1) flow identification by capacitance data and (2) WLR 

estimation according to the defined continuous phase. The estimation of WLR with the 

new developed dual modality of ECT and MRS is summarised in Table 4.4. 

 

 

Figure 4.26: ECT-MRS system flowchart 
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Table 4.4 WLR estimation by ECT-MRS dual-modality system 

 Real WLR (%) 
Estimated WLR (%) 

Stratified Annular 

10 9.0 10.4 

20 20.6 19.2 

30 31.7 30.1 

40 41.5 40.6 

50 47.7 49.6 

60 63.1 65.5 

70 71.9 74.2 

80 85.1 81.1 

90 93.9 93.9 

 

The results can be evaluated in two ways, (1) comparison to real WLR and (2) 

comparison between flow regimes. 

 

a. Comparison with real WLR 

Figure 4.27 shows the error calculated in comparison to real and estimated WLR for 

stratified and annular flow. The bar graph projects the individual error for each 

situation. The error rate varies, but in most conditions, the error is below 5%. There is 

one outlier with a high error rate for both flow regimes which may be caused by 

measurement errors related to the manual mixing of the emulsions. The annular flow 

has lower error rates in many conditions compared to the stratified flow. 

 

    

(a) Stratified (b) Annular 

Figure 4.27: Error (%) between real and estimated WLR 
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b. Comparison between flow regime 

The plot of estimated WLR against real WLR for the stratified and annular flows is 

shown in Figure 4.28. With a fixed volume of liquid and similar WLR, it is observed 

that there is no significant difference in the estimated WLR between the stratified and 

annular flows. Therefore, it can be concluded that the calculation of the WLR from this 

system is less dependent on the flow regimes. 

  

Figure 4.28: Estimated WLR (%) between flow regimes 

 

4.6 Image generation and GUI 

This graphical user interface was developed with MATLAB Version 2015b, using 

MATLAB Graphical User Interface Development Environment (known as Guide). It 

contains five major components: the Guide Control Panel, the Property Editor, the 

Callback Editor, the Menu Editor and the Alignment tool, all of which were used 

extensively during the development process. The pixel-based image is generated using 

common geometrical parameters with calculated minimum Euclidean distance as its 

variable input. Apart from the flow pattern, the image is made yellow and red to 

represent oil-continuous flow and water-continuous flow, respectively. Figure 4.29 

illustrates examples of results when WLR is 20% and 80% for the stratified and annular 

flows.  
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(a) Stratified, WLR 20% 

 

(b) Annular, WLR 20% 

 

  

(c) Stratified, WLR 80% (d) Annular, WLR 80% 

  
Figure 4.29: GUI for dual-modality ECT-MRS system (flow regime identification and 

WLR estimation) 

 

4.7 Summary 

This Chapter presents the first results of identifying flow regimes and estimating WLR 

from a dual-modality system of ECT and MRS. The characterisation was based on the 

capacitance and resonant frequency from the experiments conducted. From this work, it 

can be seen that the implementation of this new system is feasible and advantageous. 

The construction of such a system presents several improvements over a single modality 

system i.e. when ECT or MRS operates individually.  

The use of this newly proposed dual-modality system provides more information on the 

multiphase flow in full-phase operation i.e. from oil-continuous to water-continuous 

flows. The system is 100% capable of identifying flow regimes (stratified or annular) at 

any WLR by using the capacitance data through the adaptation of the ‘fingerprint’ 
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method and the Euclidean function. The results obtained from MRS showed similar data 

trend between stratified and annular flows; therefore, identification of flow regimes by 

MRS is not possible.  

 

The system utilised the resonant frequency obtained from the MRS as an indicator 

(threshold value) of the phase transition and for estimating WLR in water-continuous 

flow. The overall initial estimation of WLR obtained from this ECT-MRS dual-

modality system can be considered reasonable. Out of nine test conditions for each flow 

regime, 56% of the stratified flow and 77% of the annular flows are giving WLR error 

rate of less than 5%. With the same fraction and mixing ratio, there is no significant 

difference of estimated WLR between the stratified and annular flows. Therefore, it can 

be concluded that the estimation of the WLR is less dependent on the flow regimes. 

 

The data processing uses raw capacitance and resonant frequency from the ECT and 

MRS; thus, a complicated calibration to specify measurement range is not needed. 

Unlike other proposed dual modality systems such as ECT and ERT or ECT and 

gamma-ray, this dual-modality of ECT and MRS is totally a non-radiation, non-

intrusive and non-invasive system. The end results (flow regime and WLR) are 

projected instantaneously with a GUI. A simple image is visualised for the convenience 

of the end user. In addition, the MRS uses a portable device for measurements. 

Therefore, it is handy and does not need huge space for permanent and bulky machine 

installation.  

Since this proposed system is new, there is still room for improvement. The error rate 

needs to be improved possibly by improvising the sensor design or by upgrading the 

algorithm for more control parameters. The system relies on the accuracy of the devices; 

therefore, it is essential that ECT and MRS have good reproducibility. For this work, 

device calibration has been done on both systems, and measurements with empty sensor 

were carried out and compared to the initial result before each session. The experiments 

have so far been conducted on lab-scale static flow; thus, future experiments should be 

more dynamic to resemble field (on-site) applications. 
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Chapter 5: Appraisal of sensitivity maps 

generated with different background  

 

5.1 Introduction 

Most researchers working on Electrical Capacitance Tomography (ECT) use only a set 

of generic sensitivity maps based on an empty background generated by dot 

multiplications. The fundamental of sensitivity map is explained in Section 2.5. A 

problem with the generic sensitivity maps is that in principle, they change with different 

permittivity distributions (Li and Yang, 2007). One possible solution to address this 

drawback is by updating the sensitivity maps according to the material or permittivity 

distribution.  

 

This Chapter investigates whether or not a different permittivity background should be 

used for imaging different dielectric materials or specific flow regimes. Different types 

of sensitivity maps were generated and then used for image reconstruction. The 

appraisal was based on the image quality and numerical assessment.  

 

The ECT is modelled with FEM solver, COMSOL Multiphysics. The generation of the 

sensitivity maps and image reconstruction were done in MATLAB. To verify the 

simulation results, an ECT sensor was used and experiments were carried out.  

 

5.2 ECT sensor model 

An ECT sensor model used for the generation 

and appraisal of the sensitivity map is shown 

in Figure 5.1. It consists of 12 measurement 

electrodes around a pipe of 126 mm in inner 

diameter. The pipe is made of glass (ε = 3.2) 

and the thickness is 2 mm. A copper screen is 

used to prevent surrounding noise and the gap 

between the screen and the electrodes is 10 

mm. The electrode-to-gap ratio is 9:1. For 2D 

 

Figure 5.1: ECT sensor model 
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simulation, the length of the measurement electrodes is not considered. COMSOL 

Multiphysics software version 5.1 is used to obtain potential distributions. For a 12-

electrode ECT sensor, there are 66 sensitivity maps as calculated by equation (2.1), the 

same number as the independent measurements. Because the ECT sensor was made 

symmetrical, only 6 sensitivity maps are unique in the ideal case that are the adjacent 

electrodes, 1-electrode apart, 2-electrodes apart, 3-electrodes apart, 4-electrodes apart 

and opposite electrodes. In this work, the analyses are on sensitivity maps of adjacent 

and opposite electrodes.   

 

5.3 Flow regimes and test materials  

To investigate the influence of sensitivity maps on reconstructed images, stratified and 

annular distributions are selected as shown in Figure 5.2. Images were reconstructed 

with two types of objects independently: (1) flour (ε = 5) and (2) de-ionized water (ε = 

80) as representations of low permittivity and high permittivity materials, respectively. 

In the figure, red represents the material, and blue represents the empty space (ε = 1).  

 

 25% 50% 75% 

Stratified 

   

    

Annular 

   

    
Figure 5.2: Flow regimes 

 

5.4 Generation of sensitivity maps  

Table 5.1 lists three types of sensitivity maps generated: (1) SM1, (2) SM2 and (3) 

SM3. Each of them was generated by dot multiplication when the sensor model is fully 

filled with the assigned material. SM1 was a generic sensitivity map with empty space 
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as the background, SM2 with wheat flour and SM3 with de-ionised water. To generate 

the sensitivity maps in MATLAB, the sensing area was divided into 64×64 pixels. For 

simplicity, in the following sections, the terms SM1, SM2 and SM3 are used as 

representations of the sensitivity maps. Wheat flour and de-ionized water will be 

referred to as flour and water. 

 

Table 5.1: Types of sensitivity maps 

 Material Sensitivity map abbreviation 

   (a) Air (ε = 1)  SM1 

(b) Wheat flour (ε = 5)      SM2 

(c) De-ionized water (ε = 80)   SM3 

 

5.4.1 Potential distribution 

Figure 5.3 shows the electric potential distributions obtained using COMSOL. It was 

observed that the potential distribution of SM1 and SM2 is similar to each other, 

however, the coverage and intensity of the surface potential are slightly lower with 

SM2. The potential distribution for SM3 is weak in the sensing region with a steep 

gradient at the boundary because high permittivity of water (ε=80) significantly 

decreases the electric field between the electrodes in the sensing area. A strong peak at 

the boundary is caused by the pipe wall despite being thin with 2 mm in thickness. 

 

 Surface potential Surface potential with height 

   

SM1 
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 Surface potential Surface potential with height 

   

SM2 

  

SM3 

  

   
Figure 5.3: Potential distributions 

 

5.4.2 Generated sensitivity maps 

To generate a sensitivity map, the obtained electrical potential distributions between an 

excitation electrode and a detection electrode were dot-multiplied. Figure 5.4 shows the 

generated sensitivity maps: (1) SM1, (2) SM2 and (3) SM3 for adjacent and opposite 

electrodes. These sensitivity maps were generated exclusive of the pipe wall. In general, 

the sensitivity is low at the area where the potential data is weak. It can be seen that the 

highest sensitivity is SM1, for both adjacent and opposite electrodes. There is 

insignificant difference between SM1 and SM2. With water (SM3), the sensitivity 

continues to exist but the value is very small (y-scale reduced to x10
-5

) in correspond to 

its value of electric potential data.  
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 Adjacent electrodes (E1-E2) Opposite electrodes (E1-E7) 

SM1 

 

  

SM2 

 

  

SM3 

 

  

   

 Low ε      High ε 

  
Figure 5.4: Sensitivity maps from dot multiplication  

 

5.5 Image reconstruction 

For the image reconstruction, LBP algorithm is employed because it is simple, fast and 

adequate for the purpose of appraising the sensitivity maps. The principle of LBP can be 

referred in Section 2.6. The real permittivity distributions (phantoms) are as shown in 

Figure 5.2.  

 

5.5.1 Reconstructed images from simulated data 

Figure 5.5 and Figure 5.6 show images of flour distribution reconstructed with SM1 in 

comparison with SM2. The quality of the images reconstructed with SM1 and SM2 is 
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similar to each other for both the stratified and annular distributions. Figure 5.7 and 

Figure 5.8 show the images of water distribution reconstructed with SM1 in comparison 

with SM3. For the stratified distribution of water, the quality of images with SM1 is 

good. The images of annular water layers reconstructed with SM3 are thinner in 

comparison with SM1. The most difference is with the annular 25% distribution where 

it has an extremely thin layer. 

 

SM1 

   

 

SM2 

   

 (a) 25% (b) 50% (c) 75%  

Figure 5.5: Simulated stratified flour distributions  

 

SM1 

   

 

SM2 

   

 (a) 25% (b) 50% (c) 75%  

Figure 5.6: Simulated annular flour distributions  
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SM1 

   

 

SM3 

   

 (a) 25% (b) 50% (c) 75%  

Figure 5.7: Simulated stratified water distributions  

 

SM1 

   

 

SM3 

   

 (a) 25% (b) 50% (c) 75%  

Figure 5.8: Simulated annular water distributions  
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5.5.2 Error and correlation coefficient calculation 

Although the images can be visually assessed, numerical assessment is more 

appropriate in estimating the measurement accuracy. To assess the quality of image 

reconstruction, image error and the correlation coefficient between the reconstructed 

and real permittivity distribution are calculated (Ye and Yang, 2013). The real 

permittivity distributions were obtained based on the models in Figure 5.2, simulated 

with COMSOL and MATLAB.  

 

 𝐼𝑚𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟 =  
‖𝑔̂ − 𝑔̃‖

‖𝑔̃‖
 ˟ 100% (5.1) 

 

 
𝐶𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 =  

∑ (𝑔̂𝑖 −  𝑔̿)(𝑔̃𝑖 − 𝑔̅)𝑁𝑝
𝑖=1

√∑ (𝑔̂𝑖 − 𝑔̿)2𝑁𝑝
𝑖=1

∑ (𝑔̃𝑖 − 𝑔̅)2𝑁𝑝
𝑖=1

 
(5.2) 

 

where 𝑔̃ is the normalised real permittivity distribution, 𝑔̂ is the estimated permittivity 

distribution, 𝑔̿ and 𝑔̅ are the mean values of 𝑔̃ and 𝑔̂ respectively, Np is the number of 

pixel (in this work Np = 4096). Basically a lower image error and higher correlation 

coefficient indicates better image quality. 

 

Figure 5.9 and Figure 5.10 show the calculated image errors and corresponding 

correlation coefficients of flour and water distributions for all fractions (25%, 50% and 

75%). Each graph shows a comparison between generic sensitivity maps (SM1) and 

SM2 and SM3 separately according to their materials (SM1 versus SM2, SM1 versus 

SM3). Image error is calculated in percentage.  

 

It is observed that for the stratified flour distribution in Figure 5.9 (a), the image errors 

for all fractions are less than 40% with SM1. The difference between images 

reconstructed with SM1 and SM2 is not significant. In Figure 5.9 (b) for the annular 

distribution, the highest error is found on the image with 25% flour reconstructed with 

SM1, that is 52% in comparison with SM2, 46%. The other 50% and 75% distributions 

are good with SM1. 
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Figure 5.9 (c and d) shows the image error for water distributions. SM1 gives lower 

image error for all stratified distributions. A significant difference is found in 

comparison of SM1 and SM3 with 25% water fraction for each of the flow regime. The 

image error with a huge difference between the sensitivity maps is with annular 

distribution and 25% water fraction. The image error is 80% with SM1 and 32% with 

SM3. 

 

The correlation coefficient shown in Figure 5.10 is scaled from 0 to 1. It is observed 

that the results correlate to the image error for all conditions and materials i.e. a lower 

image error shows a higher value of correlation coefficient. The variance is minimal for 

flour distribution when comparing SM1 and SM2. The difference is more notable for 

water distribution.  

 

  
(a) Stratified flour (b) Annular flour 

  

 
 

 
 

(c) Stratified water (d) Annular water. 

Figure 5.9: Image error  
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(a) Stratified flour (b) Annular flour 

 

 

 

 
(c) Stratified water (d) Annular water. 

Figure 5.10: Correlation coefficient 

  

5.5.3 Reconstructed images from experimental data 

Figure 5.11 shows the ECT system set-up for the experiment. To verify the simulation 

results, a 12-electrode ECT sensor was manually built in the lab at the University of 

Manchester. The sensor was fabricated using borosilicate glass beaker with 185 mm in 

height and 130 mm in external diameter. The electrodes and earth screen were made of 

copper tape and copper plate respectively.  An impedance analyser (HP4192A) as 

described in Section 2.3 was used together with a 96-channel multiplexer to measure 

capacitance. The capacitance data from the sensor fully filled with flour and water were 

used as 𝐶𝐻, whilst the capacitance from empty sensor was used as 𝐶𝐿 for the calibration 

purpose as according to equation (2.7). 
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Figure 5.11: Impedance analyser-based ECT system. 

 

Figure 5.12 and Figure 5.13 show the images reconstructed with flour distribution 

whilst Figure 5.14 and Figure 5.15 show the images for water distribution. All four 

figures show good correlation between simulation and experimental results.  

 

SM1 

   

 

    

SM2 

   

 (a) 25% (b) 50% (c) 75%  

     
Figure 5.12: Experimental stratified flour distributions  
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SM1 

   

 

    

SM2 

   

 (a) 25% (b) 50% (c) 75%  

     
Figure 5.13: Experimental annular flour distributions  

 

SM1 

   

 

    

SM3 

   

 (a) 25% (b) 50% (c) 75%  

     
Figure 5.14: Experimental stratified water distributions  
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SM1 

   

 

SM3 

   

 (a) 25% (b) 50% (c) 75%  

     
Figure 5.15: Experimental annular water distributions  

 

5.6 Summary 

In this Chapter, different sensitivity maps are investigated according to the permittivity 

of the test material and its distribution, i.e. stratified or annular.  

 

Three materials were used to generate sensitivity maps and as test objects, air (ε = 1), 

flour (ε = 5) and de-ionised water (ε = 80) that represent low and high permittivity 

materials respectively. The sensitivity maps are evaluated by image reconstruction using 

LBP algorithm. Simulation and experiment were carried out with a 12-electrode ECT 

sensor. The result shows that majority conditions are satisfactory with the generic 

sensitivity maps (SM1). The summary of recommended sensitivity map for each 

permittivity distribution is given in Table 5.2. 

 

Table 5.2: Recommended sensitivity maps according to permittivity distribution 

Material Flour Water 

Flow 25% 50% 75% 25% 50% 75% 

       Stratified SM1 SM1 SM1 SM1 SM1 SM1 
Annular SM2 SM1 SM1 SM2 SM1 SM1 
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It is recommended to consider the sensitivity of its own material (in this case SM2 for 

flour and SM3 for water) if thin annular distribution is expected. A possible 

implementation of these sensitivity maps can be for a situation that has a thin layer of 

the outer pipe, for example, wet-gas separation after a pre-conditioning process. 

 

The work is important as it helps in making a decision as to whether or not different 

sensitivity maps should be used for imaging different materials and flow regimes. There 

are more options of sensitivity maps to suit the applications rather than only one generic 

sensitivity map for all cases.  
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Chapter 6: Imaging different permittivity 

materials and wet granules with ECT and MWT 

 

6.1 Introduction 

This research is a collaboration project between the University of Manchester, UK and 

the Institute of Engineering Thermophysics (IET), Chinese Academy of Sciences, 

Beijing, China on the application of fluidised bed processes.  

 

The moisture content of granules in a fluidised bed for a drying, granulation or coating 

process is typically between 1% and 25% which causes a change in permittivity during 

the process. In such a condition, the application of ECT has some limitations due to the 

effect of the moisture. As MWT has a wide range of frequency (1 GHz~2.5 GHz) and 

can be used to measure materials with high permittivity and conductivity, the aim of this 

research was to compare capacitance and MWT based on the characteristics of the 

image. 

  

The specific objectives were to (1) analyse the effect of flow pattern and (2) analyse the 

effects of moisture on the quality of image reconstruction. Unlike the dual modality of 

ECT and MRS that uses a signal processing technique, the dual combination of ECT 

and MWT employed the tomographic techniques that require solving forward and 

inverse problem to reconstruct images as explained in Chapter 2 and Section 3.2.  

 

6.2 ECT-MWT system 

Figure 6.1 shows the overall system used in this research. A vertical Plexiglass tube of 5 

mm in thickness is used to accommodate the test material and to hold the sensors. The 

height of the tube is 500 mm, and the inner diameter is 150 mm. A 12-electrode ECT 

sensor was built in the lab at the IET according to the size of the tube. The electrodes 

were made of copper tape and the electrode-to-gap ratio is 9:1. The length of the 

electrode is 100 mm.  The ECT electrodes are shielded with a copper plate to reduce 

surrounding noise. In this experiment, the AC-based measuring circuit with 16 channels 

was employed, alongside with the MWT system as explained in Section 3.2.  The MWT 
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sensor was placed at the top part of the tube. The gap between the ECT and MWT 

sensor is 50 mm, with insulation placed in between to avoid interference.  

 

 
(a) Top view of ECT sensor (b) Top view of MWT sensor 

(c) Laptop for ECT image reconstruction (d) AC-ECT for data acquisition system 

(e) MWT sensor  (f)  ECT sensor 

(g) Laptop for MWT image reconstruction  (h) MWT data acquisition system 

  

Figure 6.1: ECT and MWT system setup at the IET 

 

6.3 Flow patterns and test materials  

Four materials were used in the experiment: (1) air, (2) granules, (3) oil and (4) water. 

The permittivity and conductivity of each material are given in Table 6.1. 

 

Table 6.1: Material characteristic 

 Material Permittivity (ε) Conductivity (σ) 

1. Air 1 0 

2. Granules 6.4 0 

3. Oil 3.3 0 

4. Water 80 500-800 μS/cm 

 

Before performing the measurements, the sensor was first calibrated with specific low 

and high permittivity materials e.g. imaging of granules and water was calibrated with 

granules and water as low and high permittivity respectively. The flow patterns used in 

the experiments are shown in Figure 6.2. The circular object is a hollow rod filled with 

the material other than the background of the imaging area.  
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(a) Small object in 

the centre 

(b) Small object 

near the edge 

(c) Big object in the 

centre 

(d) Stratified 

    
Figure 6.2: Flow patterns 

 

6.4 Effect of flow patterns on image reconstruction 

For the initial investigation, permittivity distribution (a) and (b) were selected to see the 

effect of flow patterns on image reconstruction. Air, granules, oil and water were used 

as a background medium for tests with other materials in the centre or near the edge of 

the pipe. For instance, when the air was used as the background, granules, oil and water 

were inserted into the pipe in the centre and near the edge. Images from ECT and MWT 

were then obtained and analysed. For this preliminary assessment, LBP algorithm was 

employed. 

 

Figure 6.3 shows the images of the granules, oil and water placed in the centre, with air 

as the background. The result shows that ECT can give relatively high-quality images 

for granules and oil, but fails to produce the image for water. MWT, on the other hand, 

is able to produce images for all permittivity distributions.  

 

Flow pattern Sensor 
Granules 

(object) in air 

Oil (object) in 

air 

Water (object) 

in air 

 

 

ECT 

   

 

MWT 

   

      
Figure 6.3: Images of object in centre with air as background 
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Figure 6.4 shows the reconstructed images of the same material placed near the edge. 

Both ECT and MWT can image permittivity distributions as the sensitivity on the edge 

of both sensors is strong. However, the images reconstructed by ECT have clearer 

boundaries.  

 

Flow pattern Sensor 
Granules 

(object) in air 

Oil (object) in 

air 

Water (object) 

in air 

 

 

ECT 

   

 

MWT 

   

      
Figure 6.4: Images of object near edge with air as background 

 

Figure 6.5 and Figure 6.6 show the reconstructed images when the sensor is filled with 

granules as background. With ECT, the image of oil in the centre and near the edge is 

good. There is a weak image of air but unacceptable image of water. Meanwhile, MWT 

at any condition fails to reconstruct reasonable images for the permittivity distribution, 

regardless of the object, material and location. 

 

Flow pattern Sensor 
Air (object) in 

granules 

Oil (object) in 

granules 

Water (object) 

in granules 

 

 

 

 

ECT 

   

 

 

 

MWT 

   

      
Figure 6.5: Images of object in centre with granules as background 
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Flow pattern Sensor 
Air (object) in 

granules 

Oil (object) in 

granules 

Water (object) 

in granules 

 

 

 

 

ECT 

   

 

 

 

MWT 

   

      
Figure 6.6: Images of object near edge with granules as background 

 

The reconstructed images with oil as the background are shown in Figure 6.7 and Figure 

6.8. Both ECT and MWT cannot generate a correct image of air in the centre. ECT has 

no problem in imaging every single object when it is placed near the edge of the sensor. 

MWT can image water at both locations although there is huge noise when the object is 

near the edge. A significant difference in object size is observed between the images 

reconstructed by ECT and MWT for granules in oil. MWT can detect different 

permittivity distributions of air near the edge, but the reconstructed image is strange, 

possibly due to measurement noise. 

 

Flow pattern Sensor 
Air (object) in 

oil 

Granules 

(object) in oil 

Water (object) 

in oil 

 

 

 

 

ECT 

   

 

 

 

MWT 

   

      
Figure 6.7: Images of object in centre with oil as background 
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Flow pattern 
Sensor Air (object) in 

oil 

Granules 

(object) in oil 

Water (object) 

in oil 

 

 

 

 

ECT 

   

 

 

 

MWT 

   

      
Figure 6.8: Images of object near edge with oil as background 

 

The results of image reconstruction with a conductive background, i.e. water, are shown 

in Figure 6.9 and Figure 6.10. Regardless of the material and position of the objects, 

ECT is unable to image different permittivity distributions due to the large amount of 

water. MWT has the same results as the ECT for the object in the centre. MWT can 

image the permittivity distributions of all three materials that are air, granules and oil 

when they are placed near the edge where sensitivity is stronger.  

 

Flow pattern Sensor 
Air (object) in 

water 

Granules 

(object) in 

water 

Oil (object) in 

water 

 

 

 

 

ECT 

   

 

 

 

MWT 

   

      
Figure 6.9: Images of object in centre with oil as background 
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Flow pattern 

Sensor 
Air (object) in 

water 

Granules 

(object) in 

water 

Oil (object) in 

water 

 

 

 

 

ECT 

   

 

 

 

MWT 

   

      
Figure 6.10: Images of object near edge with oil as background 

 

Qualitative assessments of the image reconstruction are summarised in Table 6.2 and 

Table 6.3 for the object in the centre and near the edge, respectively. It can be 

concluded that the ECT and MWT have 50% similar capabilities and 50% 

complementing functions. 

 

Table 6.2: Object in centre 

Object Air Granules 
Oil (non- 

conductive) 

Water 

(conductive) 

Background ECT MWT ECT MWT ECT MWT ECT MWT 

Air NA NA     X  

Granules  X NA NA  X X X 
Oil (non-conductive) X X   NA NA X  

Water (conductive) X X X X X X NA NA 

 

Table 6.3: Object near edge 

Object Air Granules 
Oil (non- 

conductive) 

Water 

(conductive) 

Background ECT MWT ECT MWT ECT MWT ECT MWT 

Air NA NA       

Granules  X NA NA  X X X 
Oil (non-conductive)  X   NA NA  

Water (conductive) X  X  X  NA NA 
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6.5 Effect of moisture on image reconstruction 

To investigate the effects of moisture on image reconstruction, granules with different 

moisture contents, i.e. 10%, 15%, 20%, 25% and 30% were used. For this experiment, 

flow pattern (b), (c) and (d) were selected. For ECT, Landweber algorithm was adopted 

for a better quality of image reconstruction.  

 

Figure 6.11 shows the image reconstruction results for ECT with flow pattern (b), (c) 

and (d) for granules with different moisture contents, ranging from 10% to 25%. As can 

be seen, ECT does not work well for granules with high moisture content (25%) for all 

of the three flows, especially for flow pattern (b) and (c). The image quality decreases 

with high moisture content because the capacitance gradually tends to be saturated and 

caused images to shrink and become blurry. 

 

F
lo

w
 

p
at

te
rn

 Moisture  
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(b) 

    

 

(c) 
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granules 

 
air 

      
Figure 6.11: ECT image reconstructions with different moisture content 

 

The reconstructed images by the MWT are shown in Figure 6.12. The total surface area 

for flow patterns (c) and (d) do not change significantly with the increase of moisture. 

The results indicate that moisture has little effects on microwave measurement. The 

effect of moisture on flow pattern (b) is more obvious where the measurement area 

tends to distort when the moisture content is bigger than 20%.  
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Figure 6.12: MWT image reconstructions with different moisture content 

 

From the results shown in Figure 6.11 and Figure 6.12, it can be concluded that the 

moisture not only affects the ECT measurement but also affects the MWT 

measurement. However, the effect on MWT is weak compared to ECT. 

 

The following experiments reconstruct different moisture granules with different 

moisture of high calibration moisture level for flow pattern (b). In Figure 6.13 and 

Figure 6.14, the red and blue indicates granules (high permittivity) and air (low 

permittivity background) respectively.  

 

From the results in Figure 6.13, for a fixed moisture object (10%, 15%, 20% or 25%), 

the image quality is good when the high calibration moisture is 10%, 15% and 20%. 

However, the image quality significantly worsens when the moisture changes from 20% 

to 25%. The reconstructed images of the object with 30% moisture are not acceptable 

with any combinations. The results indicate that ECT only works in a limited range for 

wet granules that is up to 25% of the moisture content of the object with 20% moisture 

of high calibration. Figure 6.14 shows the images reconstructed with MWT. In contrast 

to the ECT, the reconstructed images are good when the moisture of object is high (at 

30%).  
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Figure 6.13: ECT image reconstructions for flow pattern (b) 
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Figure 6.14: MWT image reconstructions for flow pattern (b) 
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6.5.1 Comparison of performance between ECT and MWT 

Figure 6.15 shows the profiles of mean capacitance measured by ECT and signal 

strength measured by MWT. The graph shows that both of them increase with the 

increase in moisture.  

 

 

Figure 6.15: Mean capacitance and microwave signal strength with different moisture 

content of granules 

 

Table 6.4 summarises the performance of ECT and MWT with different high calibration 

moisture and object moisture. With ECT, there is a sharp decline in the image quality 

when the granules moisture is higher than 25%. On the other hand, the effect of 

moisture on MWT is small.  

 

Table 6.4: Comparison between ECT and MWT for wet granules 

 

Moisture high 

reference 

Moisture of object 

10% 15% 20% 25% 30% 

ECT MWT ECT MWT ECT MWT ECT MWT ECT MWT 

10%         X  

15%         X  

20%         X  

25% X  X  X  X  X  

30% NA  NA  NA  NA  NA  

 

Table 6.5 shows the comprehensive comparison of the two methods. As can be seen 

from this Table, ECT has high temporal resolution while MWT has a low temporal 

resolution. However, the effect of moisture on ECT is stronger than that of MWT. 

MWT can be used for high moisture content granules. 
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Table 6.5: Performance comparison between ECT and MWT 

Sensor 

Performance of ECT and MWT 

The ability to measure 

material with low 

moisture 

The ability to measure 

material with high 

moisture 

Temporal 

resolution 

Spatial 

resolution 

ECT  X  X 

MWT   X  

 

6.6 Summary 

This Chapter presents the preliminary results for image reconstruction of permittivity 

distribution and wet granules with different moisture contents by ECT and MWT 

measurements. ECT and MWT sensors were mounted on the same tube, top and 

bottom, to measure similar flow pattern. The measurement was taken simultaneously 

but separately for both systems. Four materials (i.e. air, granules, oil and water) were 

used to reconstruct images of an object in the centre and near the edge.  

 

The performance of ECT and MWT in detecting the different permittivity distributions 

are compared, and results indicate that ECT and MWT have 50% of similar capabilities 

and 50% of complementing their functions. For high moisture content granules, MWT 

is able to give good image reconstruction results compared to ECT, especially when the 

moisture content of the object is larger than 25%. Therefore, it is recommended to use 

ECT to image non-conductive, low moisture content materials and MWT for higher 

permittivity, higher water content and moderate conductivity materials.  

 

This is the first time that these two tomography techniques have been used together and 

applied to image the complex solid distribution. This system is useful, in particular, as a 

process control of fluidised bed drying, granulation and coating process. The 

preliminary results are promising and show the feasibility of the system to be 

implemented in real field applications. However, improvements such as upgrading the 

temporal resolution of MWT to catch up with the speed of a gas-solids flow need to be 

made. In the future, it is recommended that the work is extended to be used on the 

dynamic flow that resembles the real process of production with a fluidised bed.  
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Chapter 7: Conclusions and future work 

 

7.1 Conclusions 

The results of this research show that the implementation of the dual-modality ECT and 

microwave sensor is feasible and advantageous. The initial development of these dual-

modality systems presents several improvements over the current traditional systems.  

 

Dual-modality of ECT and MRS  

The use of a dual-modality system with ECT and MRS helps provide more information 

on the multiphase flow within a full-phase flow (from oil-continuous to water-

continuous). Capacitance measurement from the 8-electrode sensor was successfully 

used in identifying the flow regime of the three-phase flow. The compliance in detecting 

the stratified or annular flow of the emulsion was 100% through the adaptation of the 

‘fingerprint’ method and the Euclidean function. The identification of flow regimes 

based on the data obtained from the MRS, however, is not feasible.  

 

The estimation of WLR is difficult with ECT in the water-continuous flow; therefore, 

combining the function with MRS is a good option. Based on the capacitance data, the 

phase transition can be predicted at WLR 50% since the relationship between 

capacitance and WLR from this point, is no longer linear. The prediction was then 

confirmed by the transmission coefficient amplitude obtained by the MRS, where an 

obvious drop could be seen with high water content due to the effect of the higher 

permittivity of water. This information was used to determine a threshold value or a 

transition point to switch the system from ECT to MRS. In the water-continuous flow, 

the resonant frequency was used for WLR estimation.  

 

The new dual modality of ECT and MRS were tested over 18 conditions, from both 

stratified and annular flow. Overall, the estimation of WLR was reasonable with 67% of 

the conditions giving error less than 5%. Five conditions gave WLR error between 5% 

and 10% and only one condition showed a slightly more than 10% error. This was 

mainly due to the measurement error that might have been caused by the inaccurate 

manual mixing of the emulsion that affected the stability and behaviour of the flow. The 

comparison of WLR between the stratified and annular flows revealed an insignificant 
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difference; therefore, it can be concluded that this system minimises the dependency of 

the flow regime. 

 

This ECT-MRS dual-modality system uses raw capacitance and resonant frequency as 

measured by the devices. Therefore, it does not require a complicated calibration. It 

took approximately 0.14 seconds to process the data for one cycle, and this is 

considered as fast in comparison to a normal tomographic technique which usually 

takes around 6 seconds. Unlike other dual-modality systems such as the ECT-ERT, 

another huge advantage of the system is that it is totally non-invasive and non-intrusive.  

 

Sensitivity map analysis 

Three types of sensitivity maps with empty, powder and water background were 

generated using the dot-product multiplication method. Their effects on the quality of 

reconstructed images based on image error were then evaluated. The results show that a 

generic sensitivity map with the empty background is appropriate to reconstruct images 

for most defined permittivity flow regimes. However, for annular flow with a thin layer, 

especially for water, the updated sensitivity map (according to the material) should be 

used. These results are helpful as no study has been conducted to analyse these 

situations and provide options for sensitivity maps to match with specific applications, 

rather than only one generic sensitivity map for all cases.  

 

Dual-modality of ECT and MWT 

A 12-electrode ECT was developed and combined with the MWT to investigate the 

effects of 2-phase flow patterns on image reconstruction. Images reconstructed with 

ECT used generic sensitivity maps as recommended in the above-mentioned sensitivity 

map analysis. The air, granules, oil and water were used as the objects and background 

alternately. The experiments were then extended to investigate the solid concentration 

with different moisture contents. The measurement results show that both ECT and 

MWT functions as moisture contents and flow patterns. Their measurements in 

detecting the flow pattern are complementary to each other by 50%. In imaging solid 

concentration, ECT and MWT are recommended to be used in lower and higher water 

content, respectively. The information gathered is useful to be used as a process to 

control fluidised bed drying, granulation and coating to improve operational efficiency. 
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7.2 Future work 

 

Dual-modality of ECT and MRS  

1. The overall uncertainty of WLR estimation needs to be improved. To do this, a 

model-based algorithm can be considered.  

2. To simplify the calculation, this research proposed a fixed 50% of WLR as the 

threshold value or transition point from oil-continuous to water-continuous flows. 

However, in reality, it could be anywhere in between. Thus, a study is needed to 

define a more accurate definition to avoid misinterpretation and wrong selection of 

equation for WLR estimation. 

3. The next target is to study the effect of conductivity on the performance of the dual-

modality system. This can be done by measuring emulsion that produced from oil 

emulsified with higher conductive water.   

4. Future work should be extended to measure the total liquid fraction. More 

experiments need to be carried out with different fractions for the characterization of 

the sensors.  

5. A centralised system needs to be developed to control the dual-modality of ECT and 

MWT.  In this way, the system is possible to process the data from both devices in 

almost real time. 

 

Sensitivity map analysis 

6. For a more thorough investigation, sensitivity maps should be generated with 

another method i.e. the perturbation method as a comparison to the results in 

Chapter 5.  

7. Other than generating sensitivity maps with a single material, sensitivity maps can 

also be generated according to the expected flow regimes and the materials. For 

example, sensitivity maps can be obtained from a stratified distribution to image 

stratified flow.  

 

Dual-modality of ECT and MRS  

8. The parameters setting can be further optimised to improve imaging results. 

9. The temporal resolution of the MWT needs to be improved to cope with the fast 

gas-solid flows. This probably can be achieved by upgrading to a high-speed PC 

cluster and graphic processing unit (GPU) cards. 
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10. Future work should focus on the dynamic test instead of a static flow measurement.   

11. Since the structure of the fluidised bed is not limited to a cylindrical shape, different 

geometric sensors in a shape of a conical sensor, for example, should be considered. 
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