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Abstract 

 

Solids velocity, solids concentration and mass of solids are important parameters describing the flow 

state of gas/solids two-phase systems. In this work, two mass flow measurement systems built based on 

ECT and electrostatic sensor. One mass flow meter built on a standpipe of circulating fluidised bed 

(CFB) is based on an ECT sensor and an electrostatic sensor. Another mass flow meter built on a gravity 

flow rig is based on an ECT sensor and two sets of electrostatic sensor. The two sets of electrostatic 

sensor mounted at each end of the ECT sensor are built to deal with velocity before and after ECT 

sensor.  The construction of the two sets of electrostatic sensor on a gravity flow rig involved searching 

for optimised electrode length and distance between upstream and downstream electrodes of 

electrostatic sensor. The optimised electrode length and distance are chosen based on the least absolute 

error which calculated based upon correlation velocity and free fall velocity. The outputs of electrostatic 

sensor built on the standpipe had been swamped by noise and determining the solid velocity using cross-

correlation technique is rather impossible. Meanwhile, ECT sensor gives images of gas/solids flow in 

standpipe that show stable flows for dry sand for fluidisation velocity of 2 m s-1 until 8 m s-1 and unstable 

flow for fluidisation of 10 m s-1. For granule corn, the ECT images show stable flows for fluidisation 

velocity of 2 m s-1, 4 m s-1 and 10 m s-1 whereas at fluidisation velocity of 6 m s-1 and 8 m s-1 unstable 

flows shown in ECT images. The developed mass flow meter based on an ECT sensor and two sets of 

electrostatic sensor gives absolute error of 0.75%, 0.47%, 0.33% and 1.22% for first, second, third and 

fourth measurements, respectively. It gives satisfactory results as all the absolute error values are below 

2%. This satisfactory results reveal that it is feasible to develop the mass flow meter based on an ECT 

sensor and two sets of electrostatic sensor. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background 

 

In many industries, information on material flow such as flow regime (Banasiak et al., 2014; 

Abdulkareem et al., 2015), material velocity (Chao et al., 2015; Li et al., 2016; Yang et al., 2016; Saoud 

et al., 2017), mass flow rate (Li et al., 2015; Foster-Turner and Hunt, 2015) and component 

concentration (Zainal-Mokhtar and Mohamad-Saleh, 2013; Wang et al., 2014; Sardeshpande et al., 

2015) are important parameters for process interpretation to enact the safety and efficiency of industrial 

processes. These information are also useful for developing new process equipment and enhancing 

process operation. For instance, in gas/solids flows, information on solids velocity inside a pneumatic 

conveyor is essential to minimise energy consumption and to control the transport of solid particles. 

Meanwhile, information on solids concentration in gas/solids flows can be utilised along with solids 

velocity measurement to obtain the mass flow rate of solids, which is considered as an important 

parameter of a pneumatic conveying system as it contributes to acquisition of internal flow situation, 

reduction of energy cost and flow control. In any transport system, it is always desirable to measure the 

material transport rate in real time and without disturbing the flow. System operators tend to use load 

cells at the receiving tank/silo to monitor the mass of material transported (Barbir and Mathews, 2016). 

These load cells are very costly if the size of silo is very large. Hence, non-invasive electrostatic sensor 

and Electrical Capacitance Tomography (ECT) sensor have been used to obtain solids velocity and 

solids concentration, respectively, regarding gas/solids flows in process equipment. 

 

Electrostatic sensor is suitable for measuring some processes where charge is generated such as in 

gas/solids flows. Meanwhile, ECT can be utilised in concealed industrial processes involving 

nonconductive materials, such as gas/solids. In addition, their simple structures, high sensitivity, less 

expensive and intrinsically safe make them ideal to be used in industrial processes.  

 

The solids mass flow rate can be measured in two ways: by the direct method (Wang et al., 2018; Tombs 

et al., 2018; Zhang et al., 2018a) and the inferential method also known as indirect method (Carter and 

Yan, 2005; Sun et al., 2008; Li et al., 2015). The direct approaches of solids’ mass flow rate 

measurement is more straightforward than indirect methods whereby the sensing elements respond 

directly to the mass flow rate through a sensing field of an indirect flow meter. Direct mass flow 

measurement based upon Coriolis force offers exceptional accuracy in single phase flow of liquids or 
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gasses. However, conventional Coriolis flow meters can only deal with liquid, but not with solids flow 

(O'Banion, 2013). 

 

1.2 Problem and Motivation 

 

Direct measurement systems seem very attractive considering their ability to directly measure a mass 

flow rate. However, this method cannot be used for measuring solids flow rate. Hence, it is necessary 

to use an indirect method to measure the solids’ mass rate. Currently, a new trend in sensor development 

in gas/solids flow measurement is to apply dual modality sensors. Many researches have carried out 

research into measurement of a mass flow rate using one type of sensor. However, one type of sensor 

may give inaccurate measurements. For example, ECT has demonstrated its capability to obtain 

material distribution in a cross-sectional area of process equipment but it still gives inaccurate 

measurement of solids velocity despite numerous modification have been made to improve image 

reconstruction algorithms. Thus, it is necessary to use a dual modality sensor to measure each flow 

parameter efficiently. It is also vital to choose a reliable sensor for each measurement and at the same 

time being cost effective. For many years, ECT has shown its capability in visualising the material 

concentration and electrostatic sensor has proven its ability in measuring the solids velocity accurately. 

Both the sensors are not only cost effective due to their simple structures but also robust. Therefore, an 

investigation on developing integrated ECT and electrostatic sensors for mass flow measurement is 

necessary. 

 

1.3 Research Objectives  

 

This research work aims to develop an integrated ECT and electrostatic sensor assembly for measuring 

the mass flow rate of gas/solids flows. The objectives of the research are as follows: 

 

1) To develop the mass flow rate sensor based on an ECT sensor and an electrostatic sensor 

 

2) To optimise the electrode length and distance between upstream and downstream electrodes of 

electrostatic sensor 

 

3) To develop novel mass flow sensor based on an ECT sensor and a symmetrical electrostatic sensor 
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1.4 Thesis Outline 

 

This chapter introduces the background and research work. It briefs on the background, problems and 

motivation, objectives and the scope of the research. 

 

Chapter 2 gives a brief overview of electrostatic sensor and ECT, as these topics are the main subjects 

of the research. The Linear Back Projection (LBP) algorithm used in this research is explained in this 

chapter. Then, a discussion on the principle of mass measurement, solids velocity and solids 

concentration measurements are included. 

 

Chapter 3 explains the measurement system of the integrated ECT and electrostatic sensors for 

gas/solids flow measurement built for standpipe of a circulating fluidised bed (CFB) and a gravity flow 

rig. The mass flow meters for both standpipe and gravity flow rig are first presented and briefly 

discussed. This is followed by an explanation on ECT sensor models and electrostatic sensor systems 

used for both process equipments. This section also includes a discussion on CFB and its sub part, a 

standpipe and the experimental setup for measuring the mass flow. Next, the development of mass flow 

meter on a gravity flow rig are explained. 

 

Chapter 4 presents the results from electrostatic sensor and ECT sensor of gas/solids flows for 

standpipe. The experimental results for mass flow measurement based on ECT sensor and two sets of 

electrostatic sensor for a gravity flow rig are also presented. This includes discussion on optimum 

distance between upstream and downstream electrodes and electrode length.  

 

Chapter 5 gives a brief summary on the research work. This is followed by the conclusions of the 

investigation based on the obtained results. The final section of this chapter outlines the possible future 

works that can be carried out based on the foundation of this work. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 Electrostatic Sensor 

 

When dry solids flow in a conveyor, the solids become charged for several reasons. The electric charge 

carried by the materials is due to particles colliding to each other, particles impact to the pipe wall and 

the friction between particles and air flow. Researchers have been taking advantage of these phenomena 

to develop electrostatic sensors which can be used in many applications such as measuring velocity and 

mass flow rate, determining material concentration and identifying material deposited on pipe wall. 

Principally, two electrodes, attached to a point of interest, act as signal collectors. These electrodes are 

connected to signal conditioning circuits. The circuit is used to convert the electrostatic charge to 

voltage signal. Since the nature of the electrostatic signal is very small, the circuit is also used to amplify 

the signal. Then, this signal conditioning circuit is linked to a data acquisition system to convert the 

voltage signal to digital signal so that it can be displayed in a computer. The fundamental of electrostatic 

sensor system is illustrated in Figure 2.1.  

 

Figure 2.1: An electrostatic sensor system 

 

Many industries utilised electrostatic sensor to provide measurement solutions that are efficient and 

cost-effective. Various researches have revealed plenty of electrostatic capabilities to determine or 

interpret a process in a pipe such as measuring solids/gas flow velocity in pipelines using cross-

correlation technique (Coombes and Yan, 2016; Wang et al., 2017) or spatial filtering method (Wen et 

al. 2014), obtaining concentration profile-map utilising process tomography technique (Rahmat et al., 

2009), measuring mass flow rate (Qian et al., 2017), estimating moisture content (Zhang et al., 2018b) 

and determining the particle mean size (Tajdari et al., 2014). Among the above applications, velocity 

measurement is one of an important process interpretation heavily researched in various industries 

dealing powder or biomass and coal (Wen et al. 2014; Coombes and Yan, 2016; Qian at el., 2014; Qian 
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et al., 2017; Wang et al., 2017). Velocity measurement can be obtained from combining electrostatic 

sensor technique with cross-correlation method as shown in Figure 2.2.  

 

 

Figure 2.2: Subsystem of cross-correlation flow meter 

 

Initially, the analogue electrostatic signals are converted by signal conditioning circuits into digital 

forms for their cross correlation function to be computed. After the cross correlation of the two signals 

is computed, the peak position of the resulting cross-correlation curve is detected to find the estimated 

flow transit time between the two electrodes. Next, the estimated transit time of the flow can be used to 

directly calculate the solids velocity if one knows the physical dimension of the installation and include 

any calibration factors. 

 

Each time velocity is measured using an electrostatic sensor, there will be discrepancy between mean 

particle velocity and correlation velocity. This happens due to non-uniform spatial sensitivity of 

electrode used. Spatial sensitivity of electrostatic sensor needs to be made uniformed and can be 

achieved by optimising the size of electrode.  One of the significant factors to achieve a more uniform 

spatial sensitivity distribution is the length of electrodes (Heydarianasl and Rahmat, 2017). When more 

uniform spatial sensitivity distribution is achieved, the discrepancy between mean particle velocity and 

correlation velocity can be minimised.  

 

Another vital factor in designing the electrostatic sensor is the distance between upstream and 

downstream electrodes. It is vital to choose suitable distance between those electrodes as the distance 

will affect the cross-correlation velocity. Higher distance will lead to lower cross-correlation coefficient 

which also means the similarity of signals between those electrodes is also lower. If the two electrodes 

are placed closer to each other, the similarity of the signals will be higher and higher cross-correlation 

coefficient will be achieved. However, if the spacing between the electrodes is too closed, this will 

cause the electric field on both electrodes to interact (Heydarianasl and Rahmat, 2014). 
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2.2 Electrical Capacitance Tomography (ECT) 

 

The origin of the word "tomography" is from Greek words; “tomos” meaning slice or section and 

“graphe” meaning drawing. The tomographic measurement technique was first applied to medical 

imaging in 1970’s. A Computerised Tomography (CT) machine uses a radiation source (i.e. x-ray) that 

rotates around a human body to obtain a set of measurements. These measured data are used to 

reconstruct a cross-section of the human body. 

 

In the 1980s, the tomographic technique was introduced for imaging industrial processes. Known as 

Process Tomography (PT), it has become increasingly popular with its adoption and implementation 

based on various modalities and techniques. However, the most conspicuous PT techniques are based 

on measurement of electrical properties through utilisation of permittivity, conductivity and 

permeability of materials under investigation, i.e. by measuring capacitance, conductance, or 

inductance. Of these electrical tomographic techniques, ECT is in the most advanced state of research 

and development for industrial applications. An ECT sensor normally consists of copper plate 

electrodes, which are sensitive to dielectric constants of materials. An ECT sensor is mounted 

equidistantly around the periphery of an insulating process at a point of interest. Because different 

materials have different dielectric constants known as relative permittivities, the distribution of a two 

component flow within an ECT sensing region produces a change in capacitance between two 

electrodes. The effective capacitance that occurs between pairs of electrodes is measured. Then, an 

appropriate image reconstruction algorithm is used to reconstruct an image of such material distribution 

using the capacitance measurements. The tomographic images obtained from the imaging process are 

not only useful in determining the flow regime but also the vector velocity and component concentration 

in process vessels and pipelines. ECT has been applied in various industrial processes, such as gas/solid 

distribution in pneumatic conveyors (Yang et al., 2014; Wang et al., 2015; Li et al., 2016), fluidised 

beds (Li et al., 2018; Che et al., 2018; Weber et al., 2018), flame combustion (Gut and Wolanski, 2010; 

Liu et al., 2015), gas/liquid flows (Archibong-Eso et al. 2018; Omar et al., 2018), water/oil/gas 

separation process (Bukhari and Yang, 2006; Zhao et al., 2007; Jaworski and Meng, 2009; Li et al., 

2013) and water hammer (Yang et al., 1996) . For more than 20 years, tomographic techniques have 

promised great potential in multiphase flow measurement as it possess advantages including no 

radiation, low cost, high time resolution, and tolerance to high pressure and high temperature. 

 

Figure 2.3 shows an ECT system consisting of a sensor, a data acquisition system (DAS) and a 

computer. Differential voltages between all possible electrode combinations are measured by DAS, 

which is used to convert the ECT measurements into digital signal and sending the signal to the 

computer. The computer has two main functions. First, it controls the operations performed by the DAS. 

Second, by means of an appropriate algorithm, it uses the measured capacitance data to produce useful 
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information represented either qualitatively in the form of a reconstructed image of flow process and/or 

quantitatively in the form of flow parameter estimations. 

 

 
Figure 2.3: An ECT system 

 

ECT is used to measure permittivity distribution of the contents inside a pipe by measuring the 

interelectrode capacitance. These inter-electrode capacitance values are very small, typically in the 

range of 0.01 pF to 1 pF (Marashdeh et al., 2008). There are various sensor design issues, which have 

to be considered, as they affect the performance of an ECT system. 

 

2.2.1 Mathematical Formulation of the Sensor Model 

 

The calculation of capacitance from a given permittivity distribution between two parallel plates 

capacitor can be obtained using 

 

𝐶 =
𝐴𝜀0𝜀𝑟

𝑑
                                                               (2.1) 

 

where 𝐴 is the cross-sectional area of electrodes, 𝜀0 is the permittivity of free space and 𝑑 is the distance 

between the electrodes. The dielectric constant 𝜀𝑟 is the relative permittivity. 

 

However, the multiple electrodes in an ECT sensor are in circle shape as shown in Figure 2.3. Also, 

ECT has its unique procedure to perform the capacitance measurements. Due to this complex shape of 

an ECT system, equation (2.1) cannot be used to calculate the capacitance from an ECT system. 

 

Hence, an ECT sensor model is described using the electrostatic field theory and the solution can be 

calculated using Gauss’s law for the electric field given by 

 

∇ ∙ 𝐷(𝑥, 𝑦) =  𝜌𝑓(𝑥, 𝑦)                                                        (2.2) 

 

where  𝜌𝑓(𝑥, 𝑦) is the free charge density distribution.  
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In a 2D ECT sensor, the permittivity distribution is assumed to be isotropic and linear (Alme and 

Mylvaganam, 2006). Thus, the relationship between the electric displacement field distribution, 

𝐷(𝑥, 𝑦), and electric field distribution, 𝐸(𝑥, 𝑦), can be described as 

 

𝐷(𝑥, 𝑦) =  𝜀𝑜𝜀𝑟(𝑥, 𝑦)𝐸(𝑥, 𝑦)                                                  (2.3)  

 

where the permittivity of free space 𝜀𝑜 is a constant and 𝜀𝑟(𝑥, 𝑦) is medium’s relative permittivity 

distribution or dielectric constant distribution. 

 

The electric field distribution is given by 

 

𝐸(𝑥, 𝑦) = −∇𝜙(𝑥, 𝑦)                                                          (2.4) 

 

where 𝜙(𝑥, 𝑦) is the electrical potential distribution. 

 

Combining equations (2.2) until (2.4) yields 

 

∇ ∙ (𝜀𝑜𝜀𝑟(𝑥, 𝑦)∇𝜙(𝑥, 𝑦)) = −𝜌𝑓(𝑥, 𝑦)                                            (2.5) 

 

Assuming there is no free charge inside an ECT sensor, the equation (2.5) becomes 

 

∇ ∙ (𝜀𝑜𝜀𝑟(𝑥, 𝑦)∇𝜙(𝑥, 𝑦)) = 0                                                   (2.6) 

 

Equation (2.6) is the linear Poisson’s equation and the equation also indicates that the conductivity of 

the medium inside the ECT sensor is negligible. 

 

By applying Gauss’s Law, the charge sensed by electrode 𝑗 when electrode 𝑖  is energised can be 

calculated using 

 

𝑄𝑖𝑗 = ∮ 𝜀𝑜𝜀𝑟(𝑥, 𝑦)𝐸(𝑥, 𝑦)
Γ𝑗

∙ �̂�𝑑𝑙                                            (2.7) 

 

where Γ𝑗 is the surface of receiving electrode and �̂� is a unit vector normal to Γ𝑗. 

 

The capacitance between electrode 𝑖 and 𝑗, 𝐶𝑖𝑗, can then be calculated using 
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𝐶𝑖𝑗 = 𝑄𝑖𝑗/𝑉𝑖𝑗                                                                      (2.8) 

 

where  𝑉𝑖𝑗 is the voltage between the source electrode 𝑖 and the detecting electrode 𝑗.  

 

Using equations (2.4), (2.7) and (2.8), the measured capacitance for N-electrode capacitance (when 

electrode 𝑖 is the source and electrode 𝑗 is the detector) can be found by 

 

𝐶𝑖𝑗 = −
𝜀𝑜

𝑉𝑖𝑗
∮ 𝜀(𝑥, 𝑦)∇𝜙(𝑥, 𝑦)

Γ𝑗
∙ �̂�𝑑𝑙                                           (2.9) 

 

A similar definition of the capacitance between a pair of electrodes was proposed by Xie et al. (1990) 

with more factors considered. 

 

2.2.2 General Principles of ECT Measurement 

 

Each time when a measurement is made, one of the electrodes acts as an excited electrode, on which a 

voltage is applied, and the remaining electrodes are the sensing electrodes held at the ground potential. 

For instance, for a 12-electrode ECT sensor, if electrode 1 is the excited electrode, all other 11 electrodes 

become the sensing electrodes. As such, DAS first measures the inter-electrode capacitance between 

electrodes 1 and 2 (C1,2), then between electrodes 1 and 3 (C1,3), and so forth up to 1 and 12 (C1,12). 

Then, the measurement procedure continues with the inter-electrode capacitance between electrodes 2 

and 3 (C2,3), and so forth up to 2 and 12 (C2,12). The measurement process continues until the inter-

electrode capacitance between all possible pairs of electrodes are measured. The excited electrodes and 

the capacitance measurements produced are shown in Table 2.1. 

 

The total number of capacitance measurements 𝑀 can be calculated using (Alme and Mylvaganam, 

2006) 

 

𝑀 =
𝑁(𝑁−1)

2
                                                            (2.10) 

 

where 𝑁 is the number of electrode used in an ECT sensor. Therefore, for an 8-electrode sensor, there 

are 28 possible values of inter-electrodes capacitances. 
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Table 2.1: Capacitance measurements produced from pairs of excited and other electrodes 

Excited Electrode Pairs of Capacitance Measurements 

1 

2 

3 

4 

5 

6 

7 

C1,2 C1,3 C1,4 C1,5 C1,6 C1,7 C1,8 

C2,3 C2,4 C2,5 C2,6 C2,7 C2,8 

C3,4 C3,5 C3,6 C3,7 C3,8 

C4,5 C4,6 C4,7 C4,8 

C5,6 C5,7 C5,8 

C6,7 C6,8 

C7,8 

 

 

2.2.3 ECT Sensor and Normalisation of Capacitance Measurement 

 

As shown in Figure 2.4 (a), an ECT sensor uses 8 electrodes mounted equidistantly around the periphery 

of an insulating pipe. The primary electrodes are used to accumulate charges to generate an electric 

field to measure capacitance. The outer screen placed around the electrodes shields the sensor from the 

effects of extraneous variation in the stray capacitance to earth. Stray capacitance is an undesirable 

capacitance that usually occurs within the CMOS switches in the measuring circuit, within the cables 

connecting the electrodes to the measuring circuits and the sensor screen (Yang, 1995). 

 

In Figure 2.4 (a), R1 is the inner radius within the sensing region, R2 is the outer radius, which extends 

from the middle point of a pipe to the ECT sensor system and R3 is the radius of electrode screen, which 

shields the whole sensor system. The fringe effect occurs when the electric fields at both ends of ECT 

electrodes spread outside the interior of the pipe. The fringe effect will cause non-uniform sensitivities 

along the axial direction (Yan et al., 1999; Peng et al., 2005). In addition, the sensor will detect medium 

outside its sensing area and consequently will appear in reconstructed ECT images (Yan et al., 1999). 

Hence, two grounded end screens are placed at the ends of electrodes as shown in Figure 2.4 (b) to 

neutralise the electric fields lines, and eventually the capacitance measured between these electrodes is 

due only to the field lines that cross the region under study. In addition, the work by Olmos et al. (2006) 

showed that the quality of the image obtained with the shielded sensor was clearly better than that 

reconstructed with the non-shielded one. 

 

A vital step in planning a successful ECT application is the proper design of an ECT sensor. Various 

design parameters of ECT sensors interact and affect the overall sensor performance and various design 

rules (Yan et al., 1999; Alme and Mylvaganam, 2006; Yang, 2010) have been developed, which allow 

a proper ECT sensor to be constructed for a specific application. For instance, the number and the size 

of measuring electrodes are two design parameters of an ECT sensor, which are application-dependant. 

With the increase in the number of electrodes, the number of independent measurements increases and 



25 

 

a higher resolution image can be expected. However, too many electrodes results in smaller electrode 

size, which leads to lower measurement sensitivity compared to a sensor with fewer electrodes. 

Sensitivity can be increased by using larger electrodes though this will decrease spatial resolution and 

therefore, a good image cannot be obtained. 

 

 

 

The measured ECT data are usually normalised before being used in any application. Initially, the 

process is carried out by obtaining the capacitance measurement when an ECT sensor is full with a 

higher permittivity material and followed by full of a lower permittivity material. Then, the capacitance 

measurement of various flow patterns under investigation is attained. Based on the assumption that the 

distribution of the two materials is in parallel (see Figure 2.5) and hence, the normalised capacitance is 

a linear function of the measured capacitance (Yang and Byars, 1999). 

 

 

 

 

 

 

(a) Pipe filled with lower 

permittivity material 

 (b) Pipe filled with higher 

permittivity material 

 (c) Pipe with materials in 

parallel 

 

Figure 2.5: Schematic diagram of ECT sensor cross-section 

 

 

The normalisation equation (Xie et al., 1989) is given by  

 

𝜆𝑖𝑗 =
𝐶𝑖𝑗

𝑚−𝐶𝑖𝑗
𝑙

𝐶𝑖𝑗
ℎ−𝐶𝑖𝑗

𝑙                                                               (2.11) 

  

 

 

 

 

 

 

 

 

(a) ECT sensor model attached around a pipe  (b) ECT sensor array with two 

grounded end screen 

Figure 2.4: ECT sensor 
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where 𝜆𝑖𝑗 is the normalised capacitance between a pair of electrodes 𝑖 and 𝑗, 𝐶𝑖𝑗
𝑚 is the measured 

capacitance, 𝐶𝑖𝑗
𝑙  is the capacitance when pipe is filled with lower permittivity material and 𝐶𝑖𝑗

ℎ  is the 

capacitance when pipe is filled with higher permittivity material.  

 

2.2.4 Sensitivity Matrix 

 

To obtain permittivity distribution from capacitance measurements is a complicated process and its 

solution requires knowledge of inverse problems. One of the methods to solve inverse problems is by 

utilising a sensitivity matrix. In ECT, a sensitivity matrix needs to be calculated before reconstruction 

of ECT images. Image reconstruction in ECT usually employs sensitivity matrices that map the relation 

between the permittivity distribution and the measured capacitance. The change in capacitance 

measurements are not only caused by an object with a given permittivity, the variation in measured 

capacitances are also depends on the location of the object in the sensing area. Sensitivity of an ECT 

sensor is largest near the electrodes and diminishes towards the centre. All these information are stored 

in sensitivity map files. Typically, a sensitivity matrix is obtained by subdividing the imaging area into 

small pixels and determining the capacitance changes of an electrode pair in each pixel due to a small 

perturbation of each pixel with respect to the empty background (i.e. the imaging area is filled with low 

permittivity material). Based on the potential distribution inside the sensing area, the sensitivity map 

can be easily calculated by numerical simulation. 

 

𝑆𝑖𝑗(𝑥, 𝑦) = ∬
𝐸𝑖(𝑥,𝑦)

𝑉𝑖
∙

𝑝(𝑥,𝑦)

𝐸𝑗(𝑥,𝑦)

𝑉𝑗
 𝑑𝑥𝑑𝑦                                              (2.12) 

 

Where 𝑆𝑖𝑗(𝑥, 𝑦) is the sensitivity between the 𝑖th electrode and the 𝑗th electrode at pixel 𝑝(𝑥, 𝑦), and 

𝐸𝑖(𝑥, 𝑦) and 𝐸𝑗(𝑥, 𝑦) are the electric field strength when the electrodes are applied voltages 𝑉𝑖 and 𝑉𝑗 

respectively for excitation in turn. 

 

2.2.5 Image Reconstruction Algorithms 

 

In ECT, the sensing electronics measure variations in capacitance between pairs of electrodes, which 

are placed around the periphery of a pipe or vessel under investigation. These measurements are then 

used to reconstruct the cross-sectional permittivity distribution as a presentation of the material 

distribution inside the sensing area via a specific image reconstruction algorithm. However, two major 

difficulties are associated with the reconstruction process. First, the number of measured independent 

capacitance measurement is far less than the number of unknown image pixels, and therefore the 
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problem is severely under-determined. Thus, there is no analytical solution for the inverse problem. 

Secondly, due to the ill-posed and ill-conditioned properties of the reconstruction process, the 

reconstructed results are sensitive to raw capacitance measurement noise. To address these problems, 

different reconstruction techniques has been reviewed extensively by Isaksen (1996), and Yang and 

Peng (2003). Isaksen (1996) reviewed LBP, Model-based reconstruction (MOR), algebraic 

reconstruction technique (ART), use of look-up table and artificial neural network. Yang and Peng 

(2003) covered the LBP, SVD, Tikhonov, iterative Tikhonov, Landweber and projected Landweber. 

Both papers have highlighted the pros and cons of each algorithm they discussed. Each image 

reconstruction algorithms can be widely categorised into non-iterative and iterative techniques. 

 

 Linear Back Projection (LBP) 

 

The Linear Back Projection (LBP) algorithm (Xie et al., 1989) was the first and simplest reconstruction 

algorithm for ECT. It uses binary sensitivity information whereby the sensitivity is equal to '1' if a 

particular material exists in a pipe. Otherwise, the sensitivity is set to '0'. A direct consequence of this 

technique is that images produced appear to be seriously distorted (Xie et al., 1992). The work by Huang 

et al. (1988) and Xie et al. (1989) were the earliest application of LBP to solve the inverse problem in 

ECT. Xie et al. (1992) overcome the issue of distorted images employing the full sensitivity information 

instead of its binary representations. Despite its low accuracy reconstructed images, the algorithm is 

still widely used due to its simplicity and thus short computational time. Using a sensitivity map and 

normalised capacitance measurements, the approximation of the permittivity distribution can be 

calculated using the shaded colour level of the pixel, which can be expressed as 

 

𝑔(𝑝) =
∑ ∑ 𝜆𝑖𝑗𝑆𝑖𝑗(𝑝)𝑁

𝑗=𝑖+1
𝑁−1
𝑖=1

∑ ∑ 𝑆𝑖𝑗(𝑝)𝑁
𝑗=𝑖+1

𝑁−1
𝑖=1

                                                  (2.13) 

 

where 𝑝 is a pixel element, 𝑁 is the number of electrodes used, 𝜆𝑖𝑗 is the normalised capacitance 

measurement between electrodes 𝑖 and 𝑗, and 𝑆𝑖𝑗(𝑝) is the sensitivity value between electrodes 𝑖 and 𝑗 

for pixel element 𝑝. 

 

Figure 2.6 illustrates a flowchart for the LBP algorithm. Firstly, the raw capacitance measurement 

corresponding to each electrode pair 𝑖 and 𝑗 are normalised. Then, equation (2.13) is solved using the 

normalised capacitance measurement and sensitivity matrix calculated using equation (2.12). Finally, 

the calculated shaded colour level is displayed on a computer. Since the vectors used in the calculation 

are normalised values, the shaded colour level image should fall between '0' and '1' if the system is 

linear. However, the equation (2.13) can give the results of grey level values of 𝑔 smaller than ‘0’ or 
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larger than ‘1’. The reason that the normalised capacitance 𝜆𝑖𝑗 used in equation (2.13) may have 

overshooting (value larger than 1) and undershooting (value smaller than 0) causes by the nonlinear 

relationship between capacitance and permittivity distribution. Over- and under-shootings may cause 

poor quality images because shootings introduced unwanted values in grey level values of 𝑔 (Xie et al. 

1992).  

 

                                            

Figure 2.6: Flowchart of LBP image reconstruction algorithm 

 

The overshooting can be eliminated by using the truncation operation (Isaksen and Nordtvedt, 1993) 

 

𝜆𝑖𝑗 = 1, 𝑖𝑓  𝜆𝑖𝑗 > 1                                                         (2.14) 

 

The work by Xie et. al. (1992) had shown that a threshold operation could further improve the 

reconstructed image by eliminating spurious low shaded colour level objects in the image. Threshold 

operation maps each 𝑔 to values based on a convex set based on (Xie et al., 1992), 

 

𝑔𝑛𝑒𝑤(𝑝) = {
𝑔𝑛𝑒𝑤(𝑝) = 0, 𝑖𝑓 𝑔(𝑝) < 𝜂

𝑔𝑛𝑒𝑤(𝑝) = 𝑔(𝑝) , 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
                                    (2.15) 

 

where 𝜂 the threshold level is given by 

 

Start 

Normalised measured 

capacitance data, λ 

Get sensitivity data, S 

𝑔ොሺ𝑝ሻ =
Σi=1

N−1Σj=i+1
N 𝜆𝑖𝑗𝑆𝑖𝑗ሺ𝑝ሻ

Σi=1
N−1Σj=i+1

N 𝑆𝑖𝑗ሺ𝑝ሻ
 

Display image 

End 
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𝜂 = (1 − 0.5𝛼)𝜁, (0 ≤ 𝜂 ≤ 1)                                                (2.16) 

 

and 𝛼 and 𝜁 are given by 

 

𝛼 = 𝐴𝑉𝐺[|λ𝑖𝑗 |;   {λ𝑖𝑗 = 1, 𝑖𝑓 λ𝑖𝑗 > 1}]                                    (2.17) 

 

𝜁 = AVG[𝑔(𝑝); {�̂�(𝑝) > 0}]                                                  (2.18) 

 

where AVG is the average operator. 

 

2.3 Principle of Mass Flow Measurement 

 

Mass flow measurement is very important in many applications such as mixing, blending and ratio 

control in the petrochemical, agricultural, aggregate, food and pharmaceutical industries. For instance, 

the aim of mixing process in the food industry is to combine multiple ingredients with an initial 

heterogeneous mixture to produce an optimum homogeneous mixture and finally achieved food product 

specification. Thus, the knowledge of the mass flow can aid in controlling the ratio of ingredients (e.g. 

fats, protein, solids, etc.) involved. Too much or too little ingredients being added to the mixture will 

result in poor quality food product. Meanwhile in the petrochemical industry, blending or mixing is 

carried out to obtain an efficient combustion. Hence, from the mass of each element, the accurate 

amount of elements, such as sub bituminous and bituminous, coal can be determined. 

 

The mass of solid particles over the cross-section of a pipe can be deduced from the particle velocity 

and concentration, 

 

𝑚 = 𝜌 ∙ 𝐴 ∙ 𝑣 ∙ 𝑡 ∙ 𝛽                                                            (2.19) 

 

where 𝑚 is the mass of the solid particles, 𝜌 is the particle density, 𝐴 is the cross- sectional area of a 

process equipment, 𝑣 is the particle velocity, 𝑡 time taken for ECT sensor to acquire ECT data for each 

measurement and 𝛽 is the solid concentration. The mass of particular solid can be calculated using 

equation (2.19) when solids velocity and solids concentration are measured using particular flow meter. 

In this work, solids velocity is measured using electrostatic sensor whereas solids concentration is 

determined with an aid of ECT sensor. 
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2.3.1 Velocity Measurement and Cross-correlation Technique   

 

In the powder industry, velocity of particles in a gas/solids flow is one of the important parameters. The 

variation in velocity has a dramatic effect on the sensor output signal components both in the time and 

the frequency domains. There are two main techniques that can be used along with electrostatic sensors 

for particle velocity measurement: the cross-correlation technique and the spatial filtering method. The 

cross-correlation technique employed two identical electrodes placed and aligned in one line along the 

flow direction over a distance from each other as shown in Figure 2.7. 

 

Figure 2.7: Velocity measurement using the cross-correlation technique  

 

To cross-correlate the sensor outputs, the time delay 𝜏 needs to be taken by the particle to cover the 

distance between the upstream and downstream electrodes (Yan and Ma, 2000; Coulthard et al., 2012). 

The velocity can then be calculated from the known 𝜏 and the distance between electrodes. This 

technique was first used by Beck and Plaskowski (1987). Next, it had been employed by Gajewski et 

al. (1990) and Gajewki et al. (1993). Later Gajewski (1994) used it for the particle velocity 

measurement, which utilised ring electrodes. Ma and Yan (2000) designed a commercial prototype of 

a velocity measurement system using the cross-correlation technique. The prototype was tested on the 

pneumatic particle conveyor, showing a response time of less than 2.5 s and repeatability better than 

±2%. The cross-correlation technique also has been used by Yan et al. (2010), Rodrigues and Yong 

(2012) and Hu et al. (2016) and for strip and cable speed measurement in the electrical and fibre-optic 

cable industries. Xiangchen and Yong (2012), Qian et al. (2012) and Wang et al. (2014) used an array 

of electrostatic sensors instead of applying two electrodes, to attain a better accuracy. In this method, 

cross-correlation of the output signals from every two adjacent electrodes is calculated, and then the 

measurement results are obtained from a data fusion algorithm. 

 

The spatial filtering method relates the frequency components of the output signal of an electrostatic 

sensor to the particle velocity. Hammer and Green (1983) showed that the particle velocity passing 

through a capacitive sensor, which has the similarity in term of function to the electrostatic sensor, has 

d 
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direct relation with the frequency component of the output signal. Yan et al. (1995) and Gajewski (1996) 

also showed the same relation occurs for electrostatic sensors. Zhang (2002) proposed mathematical 

model indicating that a single particle velocity that crossed an electrostatic sensor has a direct relation 

with the frequency at peak of the signal power spectrum density (PSD). In higher velocities, the particle 

induces the electrostatic noise to the electrode with the higher frequency. Moreover, the advantage of 

this method is its simplicity due to using a single electrode. However, in the case of particle dense flow 

velocity in pneumatic conveyor measurement, this method has a broad spectral bandwidth that reduces 

the frequency reading accuracy. This may result in measurement errors. Xu et al. (2012) and Li et al. 

(2012) proposed a new method based on the spatial filtering technique using two sensor arrays whereas 

Li et al. (2014) used eight sensor arrays with five electrodes in each sensor array to investigate the 

spatial filtering characteristics of the electrostatic sensor array. Their results showed that sensor arrays 

together with a differential amplifier gave a narrow spectral bandwidth, indicating that the frequency at 

the peak of the power spectral density is directly related to particle flow velocity (Yang et al., 2016). 

 

The correlation velocity measurement technique is based on similarity analysis of two signals derived 

from the upstream and downstream electrodes and on the calculation of the transit time. The cross-

correlation function 𝑅𝑥𝑦 between the electrostatic signals derived from upstream electrode and 

downstream electrode can be obtained as 

 

𝑅𝑥𝑦(𝜏) = lim
𝑇→∞

1

𝑇
∫ 𝑥(𝑡)𝑦(𝑡 + 𝜏)𝑑𝑡

𝑇

0
                                       (2.20) 

 

where 𝑥(𝑡) and 𝑦(𝑡) are the signals from upstream and downstream electrodes, respectively. 𝑇 

represents the integral time.  

 

When the same particles pass through upstream and downstream electrodes, 𝑥(𝑡) is similar to 𝑦(𝑡) and 

just lagging behind a certain time 𝜏0. The time delay 𝜏𝑥𝑦 corresponding to the peak position of the 

cross-correlation function 𝑅𝑥𝑦 is an estimated value of the transit time 𝜏0. The cross-correlation velocity 

𝑣𝑥𝑦 can be calculated as 

 

𝑣𝑥𝑦 =
𝑑

𝜏𝑥𝑦
                                                                    (2.21) 

 

where 𝑑 represents the distance between upstream and downstream electrodes. 
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2.3.2 Particle Concentration Measurement 

 

Solid concentration is one of the most important parameters in gas/solid flows in process equipment. 

The objective is usually to maximise it. Concentration has a major influence on the numerical values of 

some of the other constituent terms required for equipment modelling. For instance, non-uniform 

material distribution of roping flow (see Figure 2.8) through a bend often leads to poor gas and solids 

ratio, accelerates erosion product degradation (Dhodapkar et al., 2009; Ghafori and Sharifi, 2017). Other 

than that, the solids velocity can be so significantly reduced once the materials exit the bend (Klinzing 

et al., 2010; Tripathi et al., 2018). This reduced suspension velocity can cause a large bed deposit 

occurring immediately downstream of the bend (Klinzing et al., 2010). Solids deposition in a pipeline 

can affect the operation of solids flow in a pneumatic conveying system, resulting in ineffective 

transport of materials along the pipe or severe pipe blockage. Apart from that, the non-uniform flow 

pattern present real difficulties to achieve accurate measurement as the flow profile varies with the pipe 

runs and loading. Although the solids concentration is constant, the changes in solids distribution (i.e. 

flow regime) will change the gas/solids flow meter’s reading. Hence, solids concentration is an 

important concept to understand and quantify. 

 

Although there are various techniques can be employed to measure the solid concentration, ECT 

measuring technique is a highly attractive technique due to its capability at obtaining measurements 

non-invasively, non-intrusively and with no radiation involved, unlike other conventional methods. 

Image reconstruction method is usually adopted to measure solid concentration. A cross-sectional 

image can be reconstructed using ECT data with an aid of an image reconstruction algorithm. Jaworski 

and Dyakowski (2001) reconstruct images of gas/solids dense flow in pneumatic conveying system 

using ECT sensor. ECT images of various flow structures in vertical and horizontal pipe are similar 

with images produced by high-speed photographic technique. Unlike photographic method, ECT also 

gives valuable insight of the internal structures of flow instabilities such as plug and slug flows. Wang 

et al. (1995) was the first to use ECT for fluidise bed reactor by analysing solid particle concentration 

and its variation in different fluidisation regimes namely bubbling, slugging and turbulent. 

Subsequently, the research using ECT for solid concentration in fluidise bed reactors are conducted by 

many researchers (Makkawi and Ocone, 2007; Rautenbach et al., 2013; Yang et al., 2014; 

Chandrasekera et al., 2015; Li et al., 2016). 
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Figure 2.8: Schematic diagram of rope formed by flow through a bend 

 

In principle, the concentration of contents of the ECT sensor can be calculated from normalised pixel 

values (i.e. grey level 𝑔). During an image reconstruction process, the imaging area is divided into a 

number of square pixels and grey level of each pixel represents the value of concentration for that pixel. 

By averaging the total value of grey level for a required image frame, the mean concentration can be 

calculated. The mean concentration is given by 

 

𝛽 =
1

𝑘
∑ 𝑔𝑝

𝑘
𝑝=1                                                                (2.22) 

 

where 𝛽 is the mean concentration, 𝑔𝑝 is the grey level at the 𝑝th pixel and 𝑘 is the total number of 

pixels. Generally, ECT sensor captured a very high number of frames in one second and thus, the 

mean concentration for one frame is 

 

𝛽𝑜𝑛𝑒 𝑓𝑟𝑎𝑚𝑒 =
𝑇𝑜𝑡𝑎𝑙  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑓𝑟𝑎𝑚𝑒𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑟𝑎𝑚𝑒𝑠
                                (2.23) 
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CHAPTER 3 

 

EXPERIMENTAL SETUP AND INSTRUMENTATION 

 

3.1 Designed of Mass Flow Meter by ECT and Electrostatic Sensor 

 

This sub-section aims to discuss the proposed mass flow measurement system consisting of ECT and 

electrostatic sensors. There are two mass flow meter designs that are used on two different process 

equipments; namely a standpipe of a circulating fluidised bed (CFB) and a gravity flow rig. Figure 3.1 

illustrates the proposed mass flow measurement system for the standpipe comprises of a 12-electrode 

ECT sensor and an electrostatic sensor to measure the solids concentration and solids velocity, 

respectively.  

 

          

Figure 3.1: Mass flow measurement system for standpipe 

 

It is extremely difficult to keep a constant flow rate of gas/solids flow for an experimental setup shows 

in Figure 3.1. This is due to the inconstant of solids velocity along the pipe. Hence, two sets of 

electrostatic sensor are placed with equal distance from the ECT sensor at each end of the ECT sensor. 

The reason for using two sets electrostatic sensors at each end of ECT sensor is to deal with solids 

velocity before and after the ECT sensor. Figure 3.2 shows the mass flow measurement system for 

gravity flow rig consisting of an 8-electrode ECT sensor and two sets of electrostatic sensor. To build 

such sensor arrangement, the investigation work stages require optimising the electrode length of 

electrostatic sensor and optimising the distance between upstream and downstream electrodes of 

electrostatic sensor.                                                                                                                                             
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Figure 3.2: Mass flow measurement system for gravity flow rig 

 

3.2 ECT Sensor Model 

 

As stated in sub-section 3.1, a 12-electrode and an 8-electrode ECT sensors are built for measuring the 

solids concentration on standpipe and gravity flow rig, respectively. Both ECT sensor models are shown 

in Figure 3.3. The electrodes of both ECT sensors are made of copper and they are mounted on the outer 

surface of the standpipe and gravity flow rig. All the electrodes for both ECT sensors are covered in a 

metal shield to isolate them from any external electromagnetic interference.  

 

 

 
(a) 12-electrode ECT sensor (b) 8-electrode ECT sensor 

 

Figure 3.3: ECT sensor model used for mass flow measurement on standpipe and gravity flow rig 

 

The number of electrodes of ECT sensor for standpipe is chosen to be 12 electrodes. The choice in the 

number of electrodes is a trade-off between resolution, sensitivity and image capture rate. More sensing 

electrodes produces better resolution images. However, the measurement sensitivity is lower because 
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the size of electrodes becomes smaller and at the same time reduces the capturing rate. The sensitivity 

of the sensor and the image capture rate can be increased by using bigger electrode size, though this 

will decrease the image resolution (Mohamad et al., 2011). Normally, 8 electrodes is not enough to 

provide sufficient data (i.e. low resolution) for an accurate interpretation or image reconstruction. On 

the other hand, 16-electrodes ECT decreases the sensitivity of the sensor towards the materials being 

investigated. Therefore, the number of electrodes used for mass flow measurement in standpipe is 12 

for a trade-off between sensitivity and resolution. 

 

In most applications, the sensor diameter is between 50 mm and 1000 mm. More measurements can be 

made from a sensor of more electrodes. Therefore, there are usually 12 or 16 electrodes in the ECT 

sensor in order to achieve better axial resolution of reconstructed images. For gravity flow rig in this 

work, however, the tube with an inner diameter of 32 mm is small to employ a complex sensor 

configuration. Therefore, the ECT sensor in this work is composed of 8 electrodes (Cui et al., 2014). 

 

To analyse the ECT system, it is preferable to have a mathematical model of the ECT sensor. This 

sensor model is used to simulate a real sensor. This means that it can to generate capacitance sensitivity 

distribution maps as well as to solve the ECT forward problem by calculating capacitances between all 

possible electrode pairs. It is difficult to calculate an inter-electrode capacitance, which relates with the 

relative permittivity distribution 𝜀𝑟(𝑥, 𝑦) and potential distribution 𝜙(𝑥, 𝑦), by the Laplace equation for 

the geometry and the boundary conditions. Hence, a finite element method (FEM) software simulation 

package COMSOL Multiphysics is utilised to find the electrical field distribution. 

 

The creation of a capacitance sensor model in COMSOL Multiphysics aims to attaining a method, from 

which numerical calculation can be carried out for the electric potential (𝜙) in the space of the sensor 

(Yang, 2010). The design process for an ECT sensor model consists of the following steps:  

 

 geometry generation according to the dimensions to be simulated  

 boundary conditions assignment  

 assignment of physical conditions in sensor sub-domains or zones.  

 

The detail of physical sensor can be found in Table 3.1. 
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Table 3.1: Physical ECT sensor parameters 

Item 
Parameter 

ECT sensor on standpipe ECT sensor on gravity flow rig 

Number of electrode 12 8 

Electrode length  5.0 cm 5.0 cm 

Inner pipe diameter 6.0 cm 3.2 cm 

Outer pipe diameter 6.5 cm 3.4 cm 

Screen diameter 6.9 cm 4.4 cm 

 

 

3.2.1 Sensitivity Matrix Generation  

 

The following procedures are necessary to carry out the numerical simulation of the sensor using 

COMSOL Multiphysics: 

 

(a) Choosing the mode in electrostatic module. 

(b) Drawing the sensor geometries. 

(c) Generating the mesh. 

(d) Set electrical properties in the domain. 

(e) Set the boundary conditions. 

(f) Solve and find the field distributions. 

(g) Use the post-processing capabilities in COMSOL Multiphysics to compute capacitances and 

voltages. 

 

In this work, besides screen, measurement electrodes and pipe, the geometry includes the spatial 

discretisation of the inner part of the sensor, 64 × 64 square matrix has a number of 4096 pixels but 

only 3096 pixels contribute to represent the image plane and another 1000 pixels lie outside the pipe 

boundary. Figure 3.4 (b) shows the finite element meshing in 2D of 12-electrode ECT sensor as appear 

in COMSOL Multiphysics. Only finite element meshing of 12-electrode ECT sensor is presented 

because similar procedure is used for finite element meshing of 8-electrode ECT sensor. 
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(a)       (b) 

Figure 3.4: (a) 2D schematic diagram of 12-electrode ECT sensor drawn using COMSOL, and (b) FE 

meshing 

 

 

The simulation from COMSOL produces electrical potential distribution of all possible pairs of 

electrodes in each pixel. This electrical potential distribution is then used to generate sensitivity map 

based on equation (2.12) in sub-section 2.23.  Although M sensitivity data are needed to present all 

electrode pairs, only N/2 basic sensitivity maps are crucial. The other sensitivity maps can be 

obtained by rotating and mirroring these basic sensitivity maps (Huang et al., 1988; Fasching et 

al., 1991). Thus, four and six basic sensitivity maps are required for 8-electrode and 12-electrode 

ECT sensor, respectively. Figures 3.5 and 3.6 show the sensitivity maps for various electrode pairs 

for 8-electrode and 12-electrode ECT sensors, respectively. For all combination of electrode pairs, 

the area with the highest sensitivity is near the sensing electrode pairs. As the area moves toward the 

centre, the sensitivity becomes weaker. Due to this phenomenon, any permittivity distribution near the 

centre of the sensing region will be difficult to reconstruct compared to permittivity distribution near 

pipe wall. Also, negative elements may exists due to negative sensitivity values and if a small dielectric 

object is placed in a negative region, the capacitance will decrease instead of increase. This is a distinct 

feature of soft-field sensing. 
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(a) Adjacent electrode pair (b) A pair separated by one electrode 

  
(c) A pair separated by two electrodes (d) A pair separated by three electrodes 

 

Figure 3.5: Sensitivity maps for 8-electrode ECT sensor 
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(a) Adjacent electrode pair (b) A pair separated by one electrode 

 
 

(c) A pair separated by two electrodes (d) A pair separated by three electrodes 

  
(e) A pair separated by four electrodes (f) A pair separated by five electrodes 

 

Figure 3.6: Sensitivity maps for 12-electrode ECT sensor 

 

 

3.2.2 ECT Image Reconstruction 

 

The LBP algorithm, which is the simplest ECT image reconstruction algorithm compared to other 

algorithms. The mathematical model of this non-iterative algorithm has been discussed in Chapter 2. 

There is no constant value that need to be set before starting its calculation. Using the normalised 

sensitivity values and the normalised capacitance between electrode pairs, the approximate shaded 

colour level of the permittivity distribution are obtained. 
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3.3 Electrostatic Sensor System 

 

This sub-section aims to discuss about the electrostatic sensor system used for measuring the solids 

velocity at CFB standpipe and gravity flow rig. As shown in Figures 3.1 and 3.2, this sensor can be 

divided into a sensing head, a signal conditioning circuit, a data acquisition system and a computer.  

 

3.3.1 Electrostatic Sensing Head 

 

Two different electrostatic sensing heads utilised for velocity measurement on standpipe and gravity 

flow rig. Figure 3.7 shows cross-sectional views of an electrostatic sensing head used on standpipe with 

both (a) insulated and (b) exposed ring-shaped electrodes. Non-insulated electrodes are used in this 

study to measure the velocity of material. As can be seen, the difference between the exposed and 

insulated electrodes is the latter one has polyvinyl chloride (PVC) between the inner surface of the 

electrode and the particle flow. Each type of electrode consists of four electrodes with a distance 

between the sensor is 2 cm each. These electrodes are made of copper plate and are housed in a stainless 

steel sensing head, and insulated from each other using PVC.  

 

Figures 3.8 and 3.9 show the longitudinal view of the sensing head. As shown in Figure 3.9, each 

electrode has an axial width of 2 mm to determine the velocity of particles by the cross-correlation 

technique. Also, each channel of electrode is separately transmitted to identical signal conditioning 

circuit. The electronic circuit essentially converts the weak electrostatic current signal into voltage 

signal. Then, the raw signal is converted to digital signal by a data acquisition system (DAQ) to be 

processed. Finally, the flow parameter is displayed by the computer. 
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Figure 3.7: Cross-sectional views with descriptions of (a) insulated and (b) exposed ring-shaped 

electrodes 

 

 

 

Figure 3.8: Photo of the sensing head 
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Figure 3.9: Cross-sectional view of the structure of the sensing head 
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Electrostatic sensing head for velocity measurement on gravity flow rig is shown in Figure 3.10. It used 

circular-ring electrode consisting of upstream and downstream electrodes and mounted on the gravity 

flow rig. The whole sensing head is covered with grounded shield to reduce the external electromagnetic 

interference.  

 

 

 

                                    (a) (b) 

Figure 3.10: (a) Electrostatic sensing head with shielding on gravity flow rig, and (b) the circular-ring 

shaped electrode of the electrostatic sensor 

 

 

3.3.2 Signal Conditioning Circuit 

 

During handling and transport of granular and powdered materials, electrostatic charge accumulates on 

the particles. The magnitude of charge depends on many factors such as the physical properties of the 

particles; including shape, size, density, conductivity, permittivity, humidity and composition (Thuku 

et al., 2014). The pipe wall roughness, pipe diameter, pipe length traversed by the particles, solids 

velocity and concentration also are major factors contributing to the magnitude of charge. This electrode 

charge can be detected using electrodes or plates and converted into a voltage by the signal conditioning 

circuit. The voltage is amplified by an AC amplifier. The output at this stage is used for cross-correlation 

measurement. 

 

A complete signal conditioning circuit is shown in Figure 3.11, which consists of charge-to-voltage 

converter and an amplifier circuit. The input to the charge-to-voltage converter, is the induced charge 

signal that are collected by the electrodes of the electrostatic sensor. The output of the circuit is a voltage 

signal and the amount of output voltage is proportional to the amount of input charge. However, the 
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signals captured by the electrode may include unwanted extrinsic noises which causes the interested 

output signal is damaged or totally drown by unwanted extrinsic noise. One of the most extrinsic noise 

problems can be imposed from a 50 Hz or 60 Hz power supply. Hence, high pass filter is employed to 

weaken the signals with a frequency lower than the cut-off frequency 𝑓𝑐 and passes the signals with a 

frequency higher than the 𝑓𝑐. The high pass filter circuit in Figure 3.5 has a cut-off frequency of 15.915 

kHz. The signal conditioning circuit deals with a random and a very small range of electric charge 

fluctuation. Hence, an amplifier circuit with a bandwidth of 450 kHz is utilised to amplify the small 

output voltage coming from the high pass filter.  

 

 

Figure 3.11: Schematic diagram of a signal conditioning circuit 

 

 

3.3.3 Data Acquisition System 

 

A data acquisition (DAQ) system is essential to measure the physical phenomena in a process equipment 

such as velocity of solids moving in a pneumatic conveyor or material fraction in CFB. A DAQ system 

is used to acquire, analyse and eventually present the information in a computer. The essential 

components of DAQ system include sensors, signal conditioning circuitry, DAQ device and a computer. 

Apart from that, a software is also required to control the data transfer and measurement task. The 

software also has the ability to support the DAQ device to carry out such tasks.  

 

Figure 3.12 shows a block diagram of a DAQ system. The measurement of solids velocity in a pipeline 

begins with an electrostatic sensor. The   used to collect and convert the charge into electrical signals 

as well as to amplify the electrical signals. These analogue signals are converted into digital signals by 
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the DAQ device, which is National Instruments myDAQ (NI myDAQ) in this work. It is a low-cost, 

portable USB DAQ device. A DAQ device driver is needed for the DAQ hardware to communicate 

with the computer. The DAQ driver adaptor allows user to interface the DAQ device directly with 

MATLAB® through Data Acquisition Toolbox. The data acquired from myDAQ is stored in a 

temporary memory in a data acquisition engine. The data is not automatically available in MATLAB® 

workspace. They need to be extracted from the data acquisition engine using a MATLAB® function 

called s.startForeground, into MATLAB® workspace for analysis and visualisation. The data in the 

engine can also be stored permanently in a disk or computer files. 

 

 

 

Figure 3.12: Block diagram of a DAQ system for electrostatic sensor 

 

3.4 Mass Flow Measurement on Standpipe 

 

The purpose of the work in this sub-section is to measure the mass flow rate of gas/solids flow in a 

standpipe of a CFB. The discussion about this experiment includes the introduction of CFB, the 
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conveying materials and fluidisation velocity used, the operation of CFB and the position of the ECT 

and electrostatic sensor on the standpipe of the CFB. 

 

3.4.1 Pilot-plant Scale CFB 

 

Power stations are one of main causes of industrial pollution to air (Liu et al., 2018a). In some countries, 

coal is still the main source for generating electricity. For instance, in China 45% electricity is generated 

by direct burning of coal (Yuan et al., 2018). Coal-fired power stations emit a substantial amount of 

pollutants such as carbon dioxide, a greenhouse gas responsible for global warming, as well as NOx, 

an acid gas, which affects human health and vegetation. The emissions of pollutants have far-reaching 

effect and can cause long-range air pollution. As a result, many environmental agencies around the 

world have forced power stations and industrial facilities to comply with specific emission limit. The 

agencies may suspend or revoke the licence to operate the facilities if they fail to control the emission 

of the pollutants. As a result, the demand of cleaner coal combustion systems that has the ability to 

achieve lower emission of pollutants has increased. One such coal combustion system is circulating 

fluidised bed (CFB). 

 

The Institute of Engineering Thermophysics, Chinese Academy of Sciences in Beijing, China has 

developed an air blown pilot-scale CFB system and has been actively carried out various projects in 

this technology (Liu et al., 2018b; Ouyang et al., 2018; Zhu et al., in press; Liang et al., in press). In 

fact, the experiment is focusing on measuring the mass flow rate of gas/solids flows in a standpipe 

which is one of the parts of CFB. The schematic diagram of a CFB system and the experimental setup 

is shown in Figure 3.13. The CFB system consists of a riser and a solids return system, which consists 

of a cyclone, a standpipe, a loop seal system and a recycle pipe. The loop seal section of the circulation 

system is a non-mechanical valve consisting of supply and recycle chambers. The recycle chamber is 

connected to the lower section of the CFB riser by means of the recycle pipe. The cyclone is made of 

carbon steel whereas the riser, the standpipe and the loop seal are made from acrylic material.  

 

3.4.2 Experimental Setup 

 

The experiment started by pouring the feed materials in the riser column through a feed port. The feed 

materials that have been used for this experiment are sand and corn. The material densities and dielectric 

constants for dry granule corn and sand are shown in Table 3.2. Then, an air compressor supplies the 

air to the riser column and standpipe. Five fluidisation velocities are utilised for this experiment vary 

within [2 m s-1, 10 m s-1] with 2 m s-1 interval. The air is distributed across the diameter of the riser, 

which fluidises the bed material. During the fluidisation, the coarser particles are extracted continuously 
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from the bottom of the fluidiser whereas the fines along with air travel upward and are separated in the 

cyclone. The separated air is released to the atmosphere whereas the fine material is accumulated in the 

standpipe and travel downward. The fine material is fed back to the riser through the loop seal connected 

to the recycle pipe.     

 

 

 

Figure 3.13: Schematic diagram of the test facility of circulating fluidised bed (CFB) 

 

Table 3.2: Material densities and dielectric constants for sand and corn 

Material Material Density 

(kg/m3) 

Dielectric constant 

Corn (Dry granule) 641 1.8 

Sand 1281 4 

 

 

A 12-electrode ECT sensor and an electrostatic sensor are attached on the standpipe to measure the 

solids concentration and solids velocity, respectively. Then, ECT data are used to develop the ECT 
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images and calculate the solids concentrations. In this experiment, the ECT sensor is set to capture 60 

frame per minute for each measurement. Meanwhile, output signals from electrostatic sensor are used 

to calculate the solids velocity using cross-correlation technique. 

 

3.5 Mass Flow Measurement on Gravity Flow Rig 

 

Multi-modal sensor consisting of ECT and electrostatic sensors are also utilised for measuring the mass 

of material in gravity flow rig. Two sets of electrostatic sensor are used to deal with velocity before and 

after the ECT sensor. The procedures to develop these electrostatic sensors involved determining the 

optimised electrode length and distance between upstream and downstream electrodes. Next, the 

optimised electrode length and distance are used to build two sets of electrostatic sensor. These 

electrostatic sensors along with an ECT sensor mounted between them (see Figure 3.2 in sub-section 

3.1) are then, used to measure the solids velocity and solids concentration, respectively. It is easier to 

develop this mass flow measurement system using gravity flow rig because it is smaller and easy to 

handle compared to CFB.  

 

3.5.1 Optimising Electrode Length and Distance of Electrostatic Sensor 

 

Before an 8-electrode ECT and electrostatic sensors are used to measure the mass of material in a gravity 

flow rig, the optimum electrode length and distance between upstream and downstream electrodes are 

first determined. Initially, an 8-electrode ECT sensor is positioned and mounted on a gravity flow rig 

which is 71.4 cm from the opening of the gravity flow rig to the centre of the ECT sensor as shown in 

Figure 3.14. The investigation for optimum electrode length and distance is performed by placing the 

upstream and downstream electrodes beneath the ECT sensor with a distance of 10.7 cm from the sensor 

ECT. Circular-ring electrode is used to build the electrostatic sensor and the electrode length and 

distance between the upstream and downstream electrodes are varied. In this work, five different 

distances between upstream and downstream electrodes are investigated vary from 2 cm until 10 cm 

with 2 cm interval. Also, five different electrode lengths are also used ranging from 2 mm until 10 mm 

with 2 mm interval. 

 

In the beginning, electrostatic sensor with an electrode length of 2 mm and a distance of 2 cm between 

the upstream and downstream electrodes are is mounted on the gravity flow rig as show in Figure 3.14. 

The solid particles used are plastic beads with an average size of 3 mm, which fall from the funnel on 

top due to gravitational force. The experiment is begun by pouring the plastic beads into the funnel, the 

material is streaming down the rig and the outputs from the electrostatic sensor are recorded. Next, the 

electrodes are fixed with the same electrode length of 2 mm and the distance between the electrodes are 
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changed to 4 cm. Plastic beads is poured again into the funnel and the outputs from the electrostatic 

sensor are recorded. Experiments are repeated with the distances between upstream and downstream 

electrodes of 6 cm, 8 cm and 10 cm. After that, the electrode length is changed to 4 mm and the 

experiments are repeated for the distances of 2 cm until 10 cm with 2 cm interval. The experiments are 

continued for the electrode lengths of 6 mm, 8 mm and 10 mm with various distance of 2 cm until 10 

cm with 2 cm interval. All the outputs from electrostatic sensor are used to calculate the correlation 

velocity using equations (2.20) and (2.21) from sub-section 2.31. 

 

 

 

 

 

 

(b) 

 

(a) (c) 

 

Figure 3.14: Schematic diagram of gravity flow rig used to investigate the optimisation of electrode 

length and distance between upstream and downstream electrodes, (b) the cross-sectional area of the 

gravity flow rig and (c) the circular-ring shaped electrode of the electrostatic sensor 
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measured. This distance from the opening of the rig to the centre of the electrostatic sensor is different 

for each electrode length and distance as shown in Table 3.3. 

 

Table 3.3: Height (in m) from the opening of the gravity flow rig to the centre of electrostatic sensor 

Electrode length, L 
Distance between upstream and downstream electrodes, d  

2 cm 4 cm 6 cm 8 cm 10 cm 

2 mm 0.821 m 0.831 m 0.841 m 0.851 m 0.861 m 

4 mm 0.822 m 0.832 m 0.842 m 0.852 m 0.862 m 

6 mm 0.823 m 0.833 m 0.843 m 0.853 m 0.863 m 

8 mm 0.824 m 0.834 m 0.844 m 0.854 m 0.864 m 

10 mm 0.825 m 0.835 m 0.845 m 0.855 m 0.865 m 

 

Subsequently, the free flow velocity is calculated for each distance shown in Table 3.3 using  

 

𝑣𝑓𝑟𝑒𝑒_𝑓𝑙𝑜𝑤 = √2𝑔𝐻                                                                (3.1) 

 

where 𝑔 is the acceleration due to gravity and 𝐻 is the height from the opening of the gravity flow rig 

to the centre of the sensor. Finally, the absolute error percentage for each electrode length and distance 

can be calculated using 

 

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑒𝑟𝑟𝑜𝑟 =
|𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒− 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑢𝑒|

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑢𝑒
× 100%                 (3.2) 

 

where in this case, experimental value is the correlation velocity and the reference value is the free fall 

velocity. The optimum electrode length and distance is chosen based on the smallest absolute error.  

 

3.5.3 Mass Flow Meter by ECT and Two Sets of Electrostatic Sensor  

 

In this work, two sets of electrostatic sensor is mounted at each end of ECT sensor on gravity flow rig 

as shown in Figure 3.15. The optimum electrode length and distance between upstream and downstream 

electrodes obtained from experiment in previous sub-section is used to build the two sets of electrostatic 

sensor. The electrostatic sensor located above ECT sensor is called upper electrostatic sensor and 

denoted by ES1 where the one located below ECT sensor is called lower electrostatic sensor and 

denoted as ES2. From the figure, it can be seen that both electrostatic sensors are mounted with a 

distance of 15.1 cm from the centre of the electrostatic sensor to the centre of the ECT sensor.    

 

Salt with material density of 2165 kg m-3 and the reference mass of 1 kg is used in this experiment. The 

experiments are repeated four times and the output signals from the electrostatic sensor and ECT sensor 

are recorded. Also, in this research ECT sensor captured 2000 frames per 20 seconds for each 
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measurement. Solids concentration is obtained from the ECT sensor whereas for each set of electrostatic 

sensor, the solids velocity are calculated using cross-correlation technique as explained in sub-section 

2.31. 

 

 

 

Figure 3.15: Schematic diagram of an ECT sensor and two sets of electrostatic sensor attached on 

gravity flow rig  

 

3.5.4 Solids Velocity Using Two Sets of Electrostatic Sensor  

 

This sub-section aims to obtain the equations to calculate solids velocity using two sets of electrostatic 

sensor based on the mass flow meter shown in Figure 3.15. Referring to Figure 3.16, the distance from 

the opening of the pipe to the centre of upper electrostatic sensor ES1 is h, the centre-to-centre distance 

of upper electrostatic sensor ES1 and lower electrostatic sensor ES2 is D, and the distance from the 

opening of the pipe to the centre of ECT sensor is ℎ +
𝐷

2
 . Thus, the free fall velocity at ES1 section is 

𝑉1 = √2𝑔ℎ, the free fall velocity at ES2 section is 𝑉2 = √2𝑔(ℎ + 𝐷) and the fall velocity at ECT 

section is 𝑉3 = √2𝑔(ℎ +
𝐷

2
).  

 

1
0
5

 c
m

 

7
1

.4
 c

m
 

L 

5
6

.3
 c

m
 

d
 

8
6

.5
 c

m
 

ES1 

ES2 

ECT 

Funnel 

Gravity 

flow rig 

d
 

L 

L 

L 

1
5
.1

 c
m

 
1
5
.1

 c
m

 



53 

 

 

Figure 3.16: Gravity flow rig with an ECT sensor and two sets of electrostatic sensor 

 

Rearranging the free fall velocity at ES1 section, 

 

ℎ =
𝑉1

2

2𝑔
                                                                          (3.3) 

 

Also, rearranging the free fall velocity at ES2 section, 

 

𝐷 =
𝑉2

2−𝑉1
2

2𝑔
                                                                     (3.4) 

 

 

Substituting equations (3.3) and (3.4) in free fall velocity equation at ECT section, 

 

𝑉3 = √𝑉2
2−𝑉1

2

2
                                                                  (3.5) 

 

 

Eventually, the solids velocity measured using two sets of electrostatic sensor on the gravity flow rig 

can be calculated from equation (3.5), which is the equation of free fall velocity at ECT section based 

on the two sets of electrostatic sensor. 

 

3.5.5 Mass Flow Calculation and Assessing the Performance of Mass Flow Meter 

 

Solids concentration can be obtained from discussion explained in sub-section 2.3.2 whereas solids 

velocity for this mass flow meter can be obtained using cross-correlation technique explained in sub-

section 2.3.1 as well as from discussion in sub-section 3.5.4. Then, this information is used to calculate 

the mass of salt using equation (2.19) in sub-section 2.3. 
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Finally, the mass of salt in this experiment is compared with reference mass of salt which is 1 kg and 

the performance of the mass flow meter using ECT sensor and two sets of electrostatic sensor is 

evaluated based on absolute error based on equation (3.2).  
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CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

4.1 Electrostatic Sensor on Standpipe 

 

Figures 4.1 and 4.2 show output signals from electrostatic sensor for dry sand and dry granule corn, 

respectively, in standpipe at fluidisation velocities of 2 m s-1 until 10 m s-1 with 2 m s-1 interval. As a 

comparison purpose, an output from electrostatic sensor with an electrode length of 2 mm and distance 

of 2 cm obtained from experiment in sub-section 3.5 is presented in Figure 4.3. Based on Figure 4.3, it 

can be seen that output signals from electrostatic sensor are random and has a very small range of 

fluctuation. However, all the output signals in Figures 4.1 and 4.2 have a very huge amplitude compared 

to Figure 4.3. This may due to noise that had swamped the electrostatic signals and render the data as 

useless. The signal conditioning circuit that collects these signals has high amplification properties and 

the output signals are extremely vulnerable to be damaged by noise. In addition, sensor electrodes are 

also highly sensitive to noise. An electromagnetic field from an AC power line near the sensor easily 

can be detected by sensor electrode and amplified by the signal conditioning circuit that can drown and 

damage the desired signal from the electrostatic charge source. Based on the results in Figures 4.1 and 

4.2 also show that there is a lot of electromagnetic noise such as noise from a lot of power lines used in 

the CFB laboratory and it affect the outputs of the electrostatic sensor. However, it is not known why 

50 Hz noise is more prominent in Figure 4.1 compared to in Figure 4.2. 

 

The results of solids velocities are not presented as it is clearly shown that the output signals from 

electrostatic sensor are unusable for further calculation. 
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(a) (b) 

  

(c) (d) 

 

(e) 

 

Figure 4.1: Output signals from upstream and downstream electrodes for dry sand at fluidisation 

velocity of (a) 2 m s-1, (b) 4 m s-1, (c) 6 m s-1, (d) 8 m s-1 and (e) 10 m s-1 
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(a) (b) 

  

(c) (d) 

 

(e) 

 

Figure 4.2: Output signals from upstream and downstream electrodes for dry granule corn at 

fluidisation velocity of (a) 2 m s-1, (b) 4 m s-1, (c) 6 m s-1, (d) 8 m s-1 and (e) 10 m s-1 
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Figure 4.3: Experimental result from sub-section 3.5 conducted using electrostatic sensor with 

electrode length of 2 mm and distance of 2 cm. 

 

 

4.2 ECT Images of Gas/Solid Flow in a Standpipe 

 

Table 4.1 shows ECT images of gas/solids flows for dry sand in the standpipe with five different 

fluidisation velocities vary in the range of [2 m s-1, 10 m s-1] with 2 m s-1 interval. The ECT data are 

obtained simultaneously with the output signals from electrostatic sensor for one minute. The ECT 

sensor is set to capture 60 frames or one minute. Table 4.1 shows how ECT images of gas/solids flow 

for dry sand changes from 1st second to 60th second with 10 seconds interval. The blue region means 

that the cross-sectional area within the standpipe is filled with air whereas the red region in means that 

the area is filled with solids material. Based on Table 4.1 it can be seen that the sand material is filled 

mostly at the centre of the standpipe as well as some of standpipe inner wall, because the measurements 

are taken at a steady state whereby the material fall from the cyclone through to the centre of the 

standpipe. Table 4.1 also shows that the concentration of solids at the centre of the pipe increases with 

the increase in the fluidisation velocity.  

 

Table 4.2 shows ECT images of gas/solids flows for dry granule corn in standpipe with five different 

fluidisation velocities. It can be seen that corn is concentrated at some edges of the standpipe wall at 

fluidisation velocity of 2 ms-1 and 4 ms-1. At fluidisation of 6 ms-1, the ECT images show the corn 

initially concentrated in the centre of the pipe and it concentrated at edge of the standpipe inner wall at 

10th second. The corn filled half of standpipe column at 40th second and it concentrated at two parts of 

standpipe inner column and finally the gas/solids flows are concentrated near some part of the standpipe 

inner wall as shown at 60th second. At fluidisation velocity of 8 ms-1 the gas/solids flows initially 

concentrated at some part of standpipe inner column and the concentration increased towards the centre 

of the standpipe with time. Finally, Table 4.2 shows gas/solids flows of dry granule corn filled almost 
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the cross-sectional area of standpipe column at fluidisation velocity of 10 ms-1, because the higher 

fluidisation velocity has caused the material evenly distributed across the cross-sectional area of 

standpipe column.  

 

In the same way as the results of output signals from electrostatic sensor, no further solids concentration 

calculation is carried out for both sand and dry granule corn.
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Table 4.1: ECT images of gas/solids flow for dry sand in a standpipe with five different fluidisation velocities 

Fluidisation 

velocity 

(m/s) 

Second 

 

1st 10th 20th 30th 40th 50th 60th 

2 

       

4 

       

6 

       

8 

       

10 
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Table 4.2: ECT images of gas/solids flow for dry granule corn in a standpipe with five different fluidisation velocities 

Fluidisation 

velocity 

(m/s) 

Second 

 

1st 10th 20th 30th 40th 50th 60th 

2 

       

4 

       

6 

       

8 

       

10 
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4.3 Optimised Electrode Length and Distance 

 

This sub-section starts with observation on the outputs of electrostatic sensor and cross-correlation 

curve for various electrode lengths and distances. The most suitable electrode length and distance of 

electrostatic sensor for gravity flow rig used in this experiment are also chosen in this sub-section. 

 

Figures 4.4 until 4.8 show the outputs of gas/solids flows and cross correlation curve for gravity flow 

rig with the length of electrode of 2 mm and various distances between upstream and downstream 

electrodes. Only outputs of electrostatic sensor and cross-correlation curves with the length of electrode 

of 2 mm are presented because the procedure to calculate the solids velocity is similar to each other 

when the cross-correlation technique is used.  

 

  

(a) (b) 

Figure 4.4: (a) Signals from upstream and downstream electrodes and (b) Cross-correlation curve for 

ring-shaped electrode with length of 2 mm and distance of 2 cm 

 

 
 

(a) (b) 

Figure 4.5: (a) Signals from upstream and downstream electrodes and (b) Cross-correlation curve for 

ring-shaped electrode with length of 2 mm and distance of 4 cm 
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(a) (b) 

Figure 4.6: (a) Signals from upstream and downstream electrodes and (b) Cross-correlation curve for 

ring-shaped electrode with length of 2 mm and distance of 6 cm 

 

 
 

(a) (b) 

Figure 4.7: (a) Signals from upstream and downstream electrodes and (b) Cross-correlation curve for 

ring-shaped electrode with length of 2 mm and distance of 8 cm 
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(a) (b) 

Figure 4.8: (a) Signals from upstream and downstream electrodes and (b) Cross-correlation curve for 

ring-shaped electrode with length of 2 mm and distance of 10 cm 

 

Based on Figures 4.4 until 4.8, it can be seen that cross-correlation peak is the highest when the distance 

between upstream and downstream is 2 cm. The cross-correlation peak decreases as the distance 

increases. This indicates that the similarity of signals from upstream and downstream electrodes 

decreases as the distance between the electrodes increases. Tables 4.3 until 4.7 show the correlation 

peak, time lag and velocity for various electrode lengths and various distances. Based on the tables, it 

reveals that for all electrode lengths, the time lag increases as the distance increases. 

 

Table 4.3: Experimental results of ring-shaped electrode with length of 2 mm and various distances 

Distance (cm) Correlation peak  Time lag (ms) Velocity (m s-1) 

2 0.9345 5.27 3.7951 

4 0.9005 10.64 3.7594 

6 0.7061 15.95 3.7618 

8 0.7223 20.70 3.8657 

10 0.6307 26.31 3.8008 

 

Table 4.4: Experimental results of ring-shaped electrode with length of 4 mm and various distances 

Distance (cm) Correlation peak  Time lag (ms) Velocity (m s1) 

2 0.9201 5.40 3.7037 

4 0.9263 10.62 3.7665 

6 0.8095 16.05 3.7383 

8 0.7590 21.27 3.7612 

10 0.7167 26.42 3.7850 
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Table 4.5: Experimental results of ring-shaped electrode with length of 6 mm and various distances 

Distance (cm) Correlation peak  Time lag (ms) Velocity (m s-1) 

2 0.9637 5.44 3.6799 

4 0.9159 10.81 3.7020 

6 0.8764 15.97 3.7570 

8 0.7903 21.23 3.7683 

10 0.7319 26.67 3.8073 

 

Table 4.6: Experimental results of ring-shaped electrode with length of 8 mm and various distances 

Distance (cm) Correlation peak  Time lag  Velocity (m s-1) 

2 0.9364 5.47 3.6563 

4 0.9402 10.77 3.7157 

6 0.8932 15.94 3.7653 

8 0.8027 21.23 3.7683 

10 0.7588 26.11 3.8300 

 

Table 4.7: Experimental results of ring-shaped electrode with length of 10 mm and various distances 

Distance (cm) Correlation peak  Time lag (ms) Velocity (m s-1) 

2 0.9626 5.41 3.6969 

4 0.9336 10.63 3.7629 

6 0.9226 15.89 3.7771 

8 0.8751 20.91 3.8259 

10 0.8429 26.00 3.8462 

 

Meanwhile, Table 4.8 shows free fall velocity for various electrode lengths and various distances. Based 

on the table, as the distance increases, the free fall velocity also increases. When distance between 

upstream and downstream increases, the height from the opening of the gravity flow rig to the centre of 

the electrostatic sensor is also increased. Hence, it causes the value of free fall velocity to increase. 

These heights from the opening of the gravity flow rig to the centre of the electrostatic sensor for various 

distances are shown in Table 3.3 in sub-section 3.5.2. 

 

Table 4.8: Free fall velocity (in m s-1) for various electrode lengths and various distances between up-

stream and down-stream electrode 

Electrode length, L (mm) 
Distance between upstream and downstream electrodes, d (cm) 

2 4 6 8 10 

2 4.0128 4.0372 4.0613 4.0855 4.1094 

4 4.0152 4.0396 4.0638 4.0879 4.1118 

6 4.0177 4.0420 4.0662 4.0903 4.1142 

8 4.0201 4.0444 4.0686 4.0927 4.1165 

10 4.0226 4.0468 4.0710 4.0950 4.1189 

 

 

Next, Table 4.9 shows absolute error for various electrode length and various distances between 

upstream and downstream electrodes. The results in this table suggest that 2 mm is the optimum 

electrode length and 8 cm is the optimum distance between upstream and downstream electrodes as 

these values give the least absolute error which is 5.38%. The optimum value of this electrode length 
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and distance are then used to build two sets of electrostatic sensor mounted above and below the ECT 

sensor. 

 

Table 4.9: Absolute error (%) for various electrode length and various distances between up-stream 

and down-stream electrodes 

Electrode length, L (mm) 
Distance between upstream and downstream electrodes, d (cm) 

2 4 6 8 10 

2 5.43 6.88 7.37 5.38 7.51 

4 7.76 6.76 8.01 7.99 7.95 

6 8.41 8.41 7.60 7.87 7.46 

8 9.05 8.13 7.45 7.93 6.96 

10 8.10 7.02 7.22 6.57 6.62 

 

 

4.4 Solids Velocity Measurement Using Two Sets of Electrostatic Sensor 

 

This sub-section aims to discuss the results of solids velocity measured using upper electrostatic sensor 

ES1 and lower electrostatic sensor ES2 as well as correlation velocity at ECT section 𝑉3 calculated 

using equation (3.5) as illustrated in Table 4.10. From the table, it can be seen that the time lag for ES1 

is higher than ES2 for all measurements. Experiment also found that the solids velocity for ES2 was 

greater than ES1 for all measurements. The reason that when the solids streaming down the gravity flow 

rig, the particle velocity increased and caused the time taken for the particles through the upstream 

electrode to the downstream electrode of ES2 is smaller than ES1. The values of 𝑉3 for all measurements 

are then used to calculate the mass of salt later on.  

 

Table 4.10: Experimental results of two sets of electrostatic sensor, ES1 and ES2, and correlation 

velocity at ECT section 

Measurement ES Sensor Time lag (ms) 
Correlation 

Velocity  (m s-1) 

Correlation velocity at 

ECT section 𝑽𝟑 (m s-1) 

First 
ES1 

ES2 

25.50 

21.50 

3.1397 

3.7140 
3.4389 

Second 
ES1 

ES2 

25.30 

21.30 

3.1571 

3.7523 
3.4675 

Third 
ES1 

ES2 

25.70 

21.50 

3.1080 

3.7209 
3.4282 

Fourth 
ES1 

ES2 

25.60 

21.90 

3.1299 

3.6463 
3.3979 
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4.5 Mass Flow Calculation and Performance Analysis of Mass Flow Meter 

 

Table 4.11 illustrates mean concentration of salt in gravity rig for all measurements obtained from ECT 

sensor. The results show a very low concentration around 1.01% until 1.03% which is expected in dilute 

phase conveying system.  

 

Table 4.11. Mean concentration of salt in gravity flow rig for all measurements 

Measurement Mean concentration (%) 

First 1.02 

Second 1.01 

Third 1.02 

Fourth 1.03 

 

 

Meanwhile, Table 4.12 shows ECT images for gas/solids flow of salt in gravity flow rig. It shows 

particle flow distribution from fourth second to 12th second with 4 seconds interval. . The blue region 

means that the cross-sectional area within the standpipe is filled with air whereas the red region in 

means that the area is filled with solids material. Based Table 9 it can be seen that salt is concentrated 

at the edges of the gravity flow rig wall. The table also shows unsteady flow of salt as some the salt 

concentrated at different edges of pipe wall at different time. The reason that when salt is poured into 

the funnel and the salt flow in the rig becomes unstable because the material is poured at different speed 

every time the measurement is made. 
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Table 4.12: ECT images for gas/solids flow of salt in gravity flow rig at t=4s until t=12s with 4s interval   

Experiment 
Time (s) 

 

4th 8th 10th 12th 

First 

    

Second 

    

Third 

    

Fourth 
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Meanwhile, Table 4.13 shows the results of measured mass from the mass flow meter, the reference 

mass and absolute error for four different measurements. The absolute errors for first, second, third and 

fourth measurements are 0.75%, 0.47%, 0.33% and 1.22%, respectively. The results obtained from the 

table are satisfactory as all absolute errors obtained are below 2%. The results suggest that it is feasible 

to develop a mass flow meter based on ECT sensor and two sets of electrostatic sensor. 

 

Table 4.13: Measured mass, reference mass and absolute error for all measurements 

Measurement Measured mass(kg) Reference mass (kg) Absolute Error (%) 

First 1.0075 1.000 0.75 

Second 1.0047 1.000 0.47 

Third 0.9967 1.000 0.33 

Fourth 1.0122 1.000 1.22 
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CHAPTER 5 

 

CONCLUSIONS AND SUGGESTION FOR FUTURE WORK 

 

5.1 Conclusions 

 

This research proposes the development of an integrated Electrical Capacitance Tomography (ECT) 

and electrostatic sensor assembly for mass flow rate measurement of gas/solids flows. Details of the 

system implementation and development have been described in Chapter 3. Their results have been 

presented and discussed in Chapter 4. 

 

A standpipe of a circulating fluidised bed (CFB) and a gravity flow rig are two process equipments that 

involved in measuring the mass flow using the mass flow meter based on ECT and electrostatic sensors. 

For standpipe, the mass flow meter is build using 12-electrode ECT sensor and an electrostatic sensor 

mounted beneath the ECT sensor. Meanwhile, 8-electrode ECT sensor mounted between two sets of 

electrostatic sensor are built to measure the mass flow in a gravity flow rig. Developing two sets of 

electrostatic sensor involved optimising the electrode length and distance between upstream and 

downstream electrodes. The electrode length and distance between upstream and downstream electrode 

of electrostatic sensor are important parameters to be considered as they can affect the output signals. 

The optimised electrode length and distance between upstream and downstream electrodes are chosen 

based on the least absolute error calculated and compared using the correlation velocity and free fall 

velocity, for various electrode lengths and distances. From the results, the optimum electrode length is 

2 mm where the optimum distance between upstream and downstream electrode is 8 cm. 

 

In this work, the mass flow measurement on standpipe of CFB cannot be resolved due to the output of 

electrostatic sensor that have been swamped by noise.  However, ECT images have successful been 

reconstructed using linear back projection (LBP) algorithm.   

 

The mass flow meter based on an ECT sensor and two sets of electrostatic sensor has been successfully 

developed on a gravity flow rig. The correlation velocity obtained from the two sets of electrostatic 

sensor are used to calculate the mass of salt. Solids concentration attained from ECT sensor give a very 

low concentration between 1.01% and 1.03% which is expected in lean phase of gas/solids flows. The 

absolute errors of mass of salt for four measurement are 0.75%, 0.47%, 0.33% and 1.22%. These very 

small absolute errors show that the mass flow meter based on an ECT sensor and two sets of electrostatic 

sensor are able to measure the mass of particle flow in the gravity flow rig. The results demonstrate that 

it is feasible to develop the mass flow meter based on ECT sensor and two sets of electrostatic sensor.  
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5.2 Suggestion for Future Works 

 

Based on the findings of this research, a number of possible opportunities can be explored to further 

enhance the present work. These are outlined below: 

 

1) Study the use of electrostatic sensor for gas/solids flows that move upwards and downwards or 

to the left and to the right, simultaneously. Decoupling these two way movements is necessary 

so that solids velocity for each way can be determined. 

 

2) Considering using the integrated ECT sensor and electrostatic sensor for solids deposition 

detection on a pipe wall. 

 

3) Considering using the integrated ECT sensor and electrostatic sensor to determine moisture 

content in powder flows.  
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