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Abstract
Purpose – Circular pipelines are mostly used for pneumatic conveyance in industrial processes. For optimum and efficient production in industries that
use a pipeline for conveyance, tomographic image of the transport particles is paramount. Sensing mechanism plays a vital role in process tomography.
The purpose of this paper is to present a two-dimensional (2-D) model for sensing the characteristics of electrostatic sensors for electrical charge
tomography system. The proposed model uses the finite-element method.
Design/methodology/approach – The domain is discretized into discrete shapes, called finite elements, by using a MATLAB. Each of these elements
is taken as image pixels, on which the electric charges carried by conveyed particles are transformed into equations. The charges’ interaction and the
sensors installed around the circumference, at the sensing zone of the conveying pipeline are related by the proposed model equations. A matrix
compression technique was also introduced to solve the problem of unevenly sensing characteristics of the sensors due to elements’ number’s
concentration. The model equations were used to simulate the modeled electrostatic charge distribution carried by the particles moving in the pipeline.
Findings – The simulated results show that the proposed sensors are highly sensitive to electrostatic charge at any position in the sensing zone,
thereby making it a good candidate for tomographic image reconstruction.
Originality/value – Tomographic imaging using finite element method is found to be more accurate and reliable compared to linear and filtered back
projection method.
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Structured mesh, Discretization, Cartesian coordinates system, Sensors, Finite element analysis

Paper type Research paper

1. Introduction

Pneumatic pipeline conveying is a technique used in many

industries to convey bulk solid materials from one point to the

other (Green and Thorn, 1998). The technique is mostly

utilized in the conveyance of coal in coal power plants, cement

powder in cement industries, flour and grains in food

processing industries. In these industries, the information on

the flow regime, particle sizes and concentration profile of the

convey particles is vital for optimal production (Yong, 1996).

The pipeline conveyance also reduces an operational hazard

since the materials are remotely transported. The

inhomogeneous distribution of particles in the gas-solid

flow, made the parameters to be measurable, and more

challenging than single phase flow (Xu et al., 2012). To carry

out such measurements, several methods that avoid physical

contact with the measured materials have been proposed,

such as electrical (capacitance, electrostatic, impedance,

electromagnetic), optical, attenuation, process tomography,

and nuclear magnetic resonance, with each having its merits

and demerits (Xu et al., 2012).
The electric charge technique is one of the most widely

favored electrical methods in the measurement of gas-solid flow

parameters. The sensor consists of simple and inexpensive

electrodes, that do not require external excitation; and their

performance is not affected by environmental factors, such as

moisture and temperature (Lihui et al., 2008). Different

nomenclature has been used for describing electric charge

sensing technology, such as tribo-electric, electrodynamic and

the electrostatic sensing technology, depending on the

principles of the sensor’s operation. Where charges

are frictionally generated on the particles, dynamism of the

sensing mechanism and electrostatic inducing nature are

termed; tribo-electric, electrodynamic and electrostatics,

respectively (Ma and Yan, 2000). The terms electrostatic and

electrodynamic are interchangeably used in this paper.
When particles are conveyed pneumatically through a

pipeline, the interaction between the particles themselves,

wall of the conveying pipeline and the gas, creates electrostatic

charges on the particles. Due to the inhomogeneous
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distribution of the gas-solid flow and the complexity of the

charging mechanism, it is difficult to predict the charges
carried by the particles. Nevertheless, the electrostatic

sensors can be used in the detection of the charges carried
by the particles. However, when charged particles travel

through the sensing area where the electrostatic sensors are
installed, an erratic electrostatic field is created by the charges

on the particles, leading to induced charges on the sensors.
Consequently, the flow parameters, such as velocity, mass flow
rate, size and tomographic images of the particles can be

obtained by using suitable electrostatic sensors in
combination with appropriate signal processing and

analyzing equipments and technologies (Intra and
Tippayawong, 2008; Yan et al., 1995; Rahmat et al., 2009b,

2010b, c).
When the charged particles move along the axis of a pipeline

conveying the particles and passes through the electrostatic
sensors having defined shapes and sizes, the electrostatic fields
of the charges appear as noise at the sensors, and are averaged

using defined spatial weight function of the sensing domain.
The electrodes of the sensors act as space sensors in the spatial

domain, which made it imperative to determine the effective
sensing zone of each electrode sensor for the local features of the

gas-solid flow in terms of their sensitivity map. In the spatial
frequency domain, the electrostatic sensors act as a filter

(Chuanlong et al., 2007). To determine the concentration
profile of pneumatically conveyed particles in a pipeline,
tomographic technology is usually applied to obtain the

cross-sectional image of the bulk moving particles. Sensors
were being used to capture the information on the moving

particles. It is the captured information that is being
manipulated, using appropriate image reconstruction

algorithms to obtain the cross-section image of the mobile
particles. In the tomographic image development, one of
the most important requirements is the sensitivity map of the

problem domain of the conveying pipeline. The presentation of
the parameters sensing factors at those reference points in the

domain is the sensitivity map.
Sensitivity map models have been proposed and reported in

some journals where the problem domain is subdivided into
9 by 9 and 16 by 16 (for 16 sensors array) rectangular pixels,

based on which the sensitivity maps were developed
geometrically (Rahmat et al., 2009a, b; Green et al., 1997).
In the development of the sensitivity map, the authors drew a

circle through the rectangular pixels to represent the sensing
domain, and the pixels are not covered completely by the

sensing zone. The inability of the domain to cover all the
pixels could increase the percentage error, having known that

tomography data are ill-posed.
The finite-element method (FEM) is an application of

finite-element analysis (FEA) which is a technique for finding
the approximate solution of integral and partial differential

equation. This method is a powerful tool that drastically
improved the standard of designs and methodology of an
industrial process; whose benefits include; increased accuracy,

enhanced insight into critical design parameters, virtual
prototyping, less hardware, faster and less expensive,

increased productive and revenue. These benefits have not
been much exploited in the field of process tomography,

especially the electrostatic tomography (Rahmat and Thuku,
2011). However, FEM was employed in the tomographic
imaging techniques, where software packages were used for

the modeling, and are reported in some journals such as

Ardrey et al. (2011), Nirmal et al. (2006), Chen et al. (2007),

Tanja et al. (2010) and Alejandro et al. (2008) electric
impedance tomography (EIT), electric capacitance
tomography (ECT), optical tomography (OT) and electro-
magnetic tomography sensor modeling (EMT), respectively.

The available literatures (Krabicka and Yong, 2009;

Wenbiao et al., 2010; Jiaqing et al., 2010) on electrostatic
sensors using FEM are mostly on flow parameters such as
velocity, mass flow rate and parameter selections; not
specifically on tomography. In those research papers, FEM
software packages were used for automatic generation of the
mesh elements and analysis. The mesh generated covers
everywhere including the pipe-section which is not necessary

in tomography, that requires only the cross-sectional images.
Moreover, a research was carried out on the “Influence of the
discretization error on the reconstruction accuracy in
electrical capacitance tomography” (Watzenig et al., 2007)
and the finding revealed that higher elements’ increases’ data
processing time with little or no improvement on the quality
of the result. The researchers also recommended that the
discretization size should be around 1,000 elements.

One of the problems of the tomographic imaging of
multiphase flow is the accuracy of the produced charge
distribution within the measurement domain (Zhou et al.,
2011). In order to improve the quality of the images of
electrodynamic tomography systems, attempts have been made

using neural network (Rahmat et al., 2010a) and fuzzy logic
(Rahmat and Kamaruddin, 2012), with no specific solution to
the problem of the charge distribution. The approach presented
in this paper seems to address the problem of accurate charge
distribution by using the Cartesian coordinate system’s
approach in the development of the system’s forward model
equations. However, a two dimensional induced charge model
on each of the 16 arrays of electrostatic sensors; installed around

a pneumatically conveying pipeline, using the elements’
techniques of the FEM is presented. In the development of
the model, the sensing zone of the sensors (cross-section of the
conveying pipeline) was structurally meshed into triangular
mesh elements, using a MATLAB program. On each of the
meshed elements, electrostatic theories were applied to develop
the system equation for the charge distribution as seen by the

installed sensors, based on the central Cartesian coordinates of
the elements on the domain, and the sensors installed around
the circumference of the conveying pipeline. From the
developed equations, the charge spatial sensitivity map for the
problem domain is made. The result obtained, shows that it is a
good candidate for reconstruction of tomographic image of
particles moving in a pneumatically conveying pipeline.

2. Mathematical modeling of the electrostatic
sensors

2.1 The sensor configuration

The schematic diagrams of the sensors’ configurations are
shown in Figure 1. The sensors consist of 16 pin electrodes,
equally spaced on the circumference of the pipe. The
electrode protrudes through the outer surface of the pipe
and aligned with the inner surface.

2.2 Discretization of the sensing domain into finite

elements

The FEM requires the subdivision of the problem
domain into many subdivisions, and each subdivision is
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called a finite-element or computational mesh (Stanley, 2010;

Young and Hyochoong, 2000). There is no recommended

shape for the finite-element, but the requirement is that the

problem domain should be covered as completely as possible.

The elements shape normally used are the quadrilateral and

triangular elements. The triangular elements are mostly

favored because its sides closely follow the contours of

complicated domains (Stanley, 2010). In this paper, the

MATLAB program was designed and used to mesh the

sensing zone, into triangular-shaped elements. The program

also spaced the electrode sensors equally around the

circumference of the pipe as shown in Figure 2.

2.3 The mathematical modeling

The modeling will involve a formulation of the relationship

between the electrostatic fields due to the charges in each of

the finite-elements and the sensor’s electrodes situated in the

wall of the pipeline (Figure 3). According to Green et al.
(1997), the presence of charge/s at any location in a pipe

cross-section, affects the output of all sensor’s array installed

around the sensing zone of a pipeline. However, equations are

modeled to quantify the effects of the charges at any of the

elements in the sensing zone. In modeling the equations; it is

assumed that, the particles move parallel to the Z-axis in

the pipe. Consider a 3-D section of a pipe of radius rp, with

the pin electrode sensors of radius rs installed around the pipe

circumference (Figure 4). The figure also shows an

exaggerated element ei(xi, yi) of the domain elements, with

area Ae lying on the same plane with sensor Sn(xn, yn)

installed equally spaced from each other on the circumference

of the pipe.
According to the Gauss’s law (Daniel, 2008; Stanley,

2010), the electric charge produces an electric field, and the

flux of the electric field passes through the surface that

enclosed the charges and is mathematically stated as:

s

I
E:n̂da ¼ qenclosed

1o
ð1Þ

Implicitly, the electric field on the surface of each element on

the sensing zone due to the electric charges enclosed in each

of the elements is given by:

Eei ¼ E ¼ qenclosed

Ae1o
ð2Þ

where:

E ¼ electric field (volts per meter).
Ae ¼ unit surface area of the sub-domain, i.e. the surface

area of each of the finite-element in m2.
qenclosed ¼ total enclosed charges (Coloumbs).
1o ¼ permittivity of the free space.
Eei ¼ the electric field on the element surface.

Assuming that, the electric field is isotropically radiated from

the element, the radial component of the electric field that will

interrogate the sensors place at the circumference of the

pipeline from the element ei is given by as:

Er ¼ Eeicos u ¼ qenclosed

Ae1o
cos u ð3Þ

where u is the angle between the line joining the centers of

elements and sensors, and the line joining the centers of

elements and the circumferences of the sensors as shown in the

triangle acd of Figure 4 for a given element ei and sensor Sn.
According to the Coulombs law, the effect of electric field at

a point of distance R due to electric field intensity at a

reference point is inversely proportional to the square of the

Figure 1 (a) Pipeline with the sensors installed at a point around the circumference; (b) pipe cross-section with the 16 sensors; (c) the pin electrostatic
sensor electrode
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distance between the points (Theraja and Theraja, 2005).

Therefore, equation (3) can be stated as:

Er ¼
qenclosed

Ae1oR2
cos u ð4Þ

Consider Figure (3), the electric field point is the centre

of the element exaggerated, and the reference point is

the centre of the installed sensors, depicted as triangle “abc”

in the figure. The distance R is depicted as “ac”.

Therefore, by replacing R by ac, then equation (4) can be

rewritten as:

Er ¼
qenclosed

Ae1oðacÞ2
cos u ð5Þ

The quantity of the electric field interrogating the sensor is a

fraction of the total electric field radiated from each element,

known as the sensor interrogation factor, and it is expressed as

follows:

Ks ¼
As

Ap

¼ rs

4rp
ð6Þ

where, Ks and rs are the sensor interrogation factor and radius

respectively, rp is the pipe cross-section radius, As ¼ prs
2 is

sensor cross-section area,Ap ¼ 4prprs is the pipe section surface

area on which sensors are installed as shown in Figure 3(a).
The actual electric field ES interrogating the sensor due to

charges enclosed in each element on the sensing zone can be

obtained by simply multiplying equations (5) and (6) together

to yield:

Es ¼ ErKs ¼
rsq

enclosed

4AerpðacÞ2
1o

cos u ð7Þ

The charges induced by electrostatic sensor are the total electric

flux captured by the sensor and it is the surface integral of the

electric flux that reaches the sensors (Machida and

Kaminoyama, 2008). Therefore, the electric field Es that

reaches the sensor induces electric chargesQs on the sensor and

can be expressed as:

Figure 4 (a) Pictorial diagram of gravity falls experimental test rig for electrodynamic tomography system; (b1) the pipeline section; (b2) meshed
domain with 1,191 triangular elements and 16 equally spaced pin electrode sensors; (b3) typical pin electrode sensor with a cross-section diameter
of 5 mm
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2Qs ¼ 1o

I
s

EsdAs ¼ 10

I
s

rsq
enclosed

4AeðacÞ2
rp1o

cos udAs

¼ rsAsq
enclosed

4AeðacÞ2
rp

cos u

ð8Þ

The negative sign on the left-hand side of equation (8) is due to

the movement of electrostatic charges from the element to the

sensor. The value of cosu can be calculated from triangle acd in

Figure 3, as follows:

cosu ¼ ac

ad
; where; ac ¼ ððxn2xiÞ2þðyn2yiÞ2Þ1=2;

ad ¼ ððacÞ2þðcdÞ2Þ1=2
but ðacÞ2¼ðxn2xiÞ2þðyn2yiÞ2

and cd ¼ rs

ð9Þ

where:

ac ¼ distance from the centre of each the reference

element in the problem domain to the centre of

each of the sensing pin electrodes

(electrostatic sensors).
dAs ¼ deferential sensor area.
xi ¼ x coordinate of the center of element i.
yi ¼ y coordinate of the center of element i.
xn ¼ x coordinate of the center of sensor n.
yn ¼ y coordinate of the center of sensor n.
n and i ¼ positive integers, for sensors and elements

numbering, respectively.

Equation (9) was substituted into equation (8) and simplified

to give equation (10), for the electric charges induced in

sensor n due to the enclosed electrostatic charges in element,

i of the domain:

Qs¼2
pr3

s q
enclosed

4Aerp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi2xnÞ2þðyi2ynÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi2xnÞ2þðyi2ynÞ2þr2

s

q
ð10Þ

The current flowing through the sensor due to the influence

of the charges’ electric field Is is given by:

Is ¼ 2
dQs

dt
ð11Þ

Suppose the particles move at a group velocity of Vms21,

then the time taken to travel through the diametric distance of

the sensor of radius rs is:

t ¼ 2rs

V
s ) dt ¼ 2

V
drs ð12Þ

This implies that:

Is¼
V

2

d

drs

 
2pr3

s q
enclosed

�
4Aerp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi2xnÞ2þðyi2ynÞ2

q

£

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi2xnÞ2þðyi2ynÞ2þr2

s

q ! ð13Þ

Simplifying equation (13) gives the induced current in sensor

n due to the charges on element, i of the domain, one can

obtain the following:

Is¼2
V 3pqenclosedr2

s

� �
= 4Aerps2

ffiffiffiffiffiffi
s1

p� �
2 pqenclosedr4

s

� �
= 4Aerps2s

3=2
1

� �� �
2

ð14Þ

where:

s1 ¼ ðxi 2 xnÞ2 þ ðyi 2 ynÞ2 þ r2
s

s2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi 2 xnÞ2 þ ðyi 2 ynÞ2

q
Assuming spatially distributed particles move through the

pipeline and the particles carriers charges whose area-charge

distribution density is s cm22. The charge enclosed

(in Coulombs) in each of the elements on the problem

domain with equal surface area Ae m2 is given by:

qenclosed ¼ sAe ð15Þ

Substituting equation (15) into equations (10) and (14) give

the modeled equations (16) and (17) for the induced charges

and current respectively. With the installed sensors around the

sensing zone of the pipeline, electrostatic charges carried by

particles moving through the pipeline can be captured as data

for the tomographic image reconstruction:

Qs ¼2
pr3

s s

4rp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi 2xnÞ2 þðyi 2ynÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi 2xnÞ2 þðyi 2ynÞ2 þ r2

s

q
ð16Þ

Is ¼ 2
V 3psr2

s

� �
= 4rps2

ffiffiffiffiffiffi
s1

p� �
2 psr4

s

� �
= 4rps2s

3=2
1

� �� �
2

ð17Þ
where:

s1 ¼ ðxi 2 xnÞ2 þ ðyi 2 ynÞ2 þ r2
s

s2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi 2 xnÞ2 þ ðyi 2 ynÞ2

q

3. Simulations

The parameters of the standard test rig for the electrodynamic

tomography system, shown in Figure 4(a), together with the

modeled system equations (16) and (17) were used for the

simulation. The length and diameter of the pipeline section of

the test rig are 1,000 and 100 m, respectively. The rig also has

pin electrodes of diameter 5 mm protruded and flushed along

the inner circumferential surface of the pipeline. Based on

these parameters, MATLAB programs were developed and

used to generate the structured mesh of 1,191 triangular

elements on the cross-section of the pipeline around the

sensing zone. By also using the same MATLAB program,

16 equally spaced electrode sensors were installed around the

circumference of the pipe at the zone, as shown in Figure 4(b).
The group velocity of the particles, assumed to be

V ¼ 5 ms21, was also used as an input parameter in the

simulation. The choice of velocity was based on the results

reported by Yaw (2007) on the same test rig and particles’

materials. Other assumptions made in the simulation are that,

the charge area density s of 1 cm22 and discretization
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parameters obtained from the MATLAB program result, such

as the center coordinates of the elements and the sensors,

(xi, yi) and (xn, yn), for ith element and nth sensor

respectively. The simulation results (i.e. the sensitivity map)

are shown in Table I. The results show the charges induced

by the sensors due to the charges carried by particles modeled

on each of the finite elements.
The elements’ centers of coordinates were obtained by

using the finite element coordinate transformation function

with known nodes coordinates. The nodes coordinates were

generated from the discretization code developed using the

MATLAB.

3.1 The forward model results

The main subject of this paper is the electrostatic sensor for

electric charge tomography system, as shown in the block

diagram of Figure 5. Then equation (16) was used for

generating electrostatic charge distribution whose samples are

presented in Table II. Table II presents the samples of

the quantified electrostatic charges on each sensor due to the

enclosed charges in each of the finite elements of the problem

domain, i.e. the cross-section of the conveying pipeline.

Equation (17) was used to obtain the current response of the

sensors due to the movement of charges through the sensing

zone. This current is the one captured by the signal conditioning

and data-acquisition subsystem; for the transformation of the

charges sensed by sensors into the voltage equivalent.

3.2 Charge and current responses

With the modeled equations (16) and (17), the plots of

charges and current induced in sensor 1 due to the charges

enclosed in element 1 were demonstrated as a rudimentary

example, using MATLAB implicit ezplot function as shown in

Figure 6. In generating the results for the plots, a fixed charge

was assumed on element 1 and the radius of sensor 1 was

varied from 0 to 2.5 mm.

3.3 The charge distribution

The charge distribution on the elements of the problem

domain was simulated in order to obtain a sensitivity map for

the induced charges on each of the 16 electrostatic sensors to

give a sensitivity matrix of [1191 £ 16]. The extract from the

Matrix is given in Table II, referred to as the quantified

electrostatic charges on each sensor due to the enclosed

charges in each of the finite elements of the problem domain,

i.e. the cross-section of the conveying pipeline. The 3-D

charge distribution plots are shown in Figure 7 for (a) first

sensor, (b) third sensor, (c) 13th sensor and (d) all the

16 sensors. The analysis of the 2-D sensor sensitivities to

charges on the elements is also presented, as shown in

Figure 8(a)-(d).

3.4 The mesh plots

The mesh plot is normally employed in tomographic image

interpretation. To obtain the mesh plot, the [1191 £ 16]

matrix of the forward problem was compressed to [16 £ 16]

matrix. Rahmat et al. (2009b) presented filtering of the matrix

as taking the maximum value of pixel (Smax) in sensitivity

matrix of S, divided by each value of pixel (Si), as shown in

equation (18):

F ¼ Smax

Si

� �
ð18Þ

In compression of the matrix, the filtering procedure made by

Rahmat was adopted by which the [1191 £ 16] matrix was

filtered and compressed as in equation (19):

Mc ¼ F0F ð19Þ

where Mc is the compressed [16 £ 16] matrix, and F is the

original [1191 £ 16] matrix while F0 is the transpose of F. The

compressed result is further normalized and surf plotted as

shown in Figure 9 for different pixels charge conditions.

Figure 5 Block diagram of electrical charge tomography system

Particles Flow
Process and
Display Unit

PipelineSensors Installed
around the sensing

zone

Signal
Conditioning

System

Data
Acquisition

System

Table II Samples of the charge distribution as seen by each of the 16 sensors of the electric charge tomography system obtained using the modeled
system equation (16)

ei/Sn S1(x1,y1) (46.1, 219.1) S2(x2,y2) (35.4, 35.4) S3(x3,y3) (19.1, 46.2) S4(x4,y4) (0, 250) . . . S16(x16,y16) (50,0)

e1(x1,y1) (24.6, 31.9 4.7 £ 1025C 4.0 £ 1025C 3.7 £ 1025C 3.6 £ 1025C . . . 6.1 £ 1025C

e2(x2,y2) (214.6, 220.9) 6.6 £ 1025C 9.1 £ 1025C 1.3 £ 1024C 2.3 £ 1024C . . . 5.3 £ 1025C

– – – – – . . . –

– – – – – . . . –

e1191(x1191,y1191) (35.5, 33.6) 7.4 £ 1024C 4.6 £ 1022C 5.7 £ 1024C 1.6 £ 1024C . . . 1.8 £ 1024C

Table I Sensitivity map for the 16 sensors of the electric charge
tomography system

ei/Sn S1 S2 S3 S4 S5 S6 S7 S8 . . . S16

e1 q1,1 q1,2 q1,3 q1,4 q1,5 q1,6 q1,7 q1,8 . . . q1,16

e2 q2,1 q2,2 q2,3 q2,4 q2,5 q2,6 q2,7 q2,8 . . . q2,16

– – – – – – – – – . . . –

– – – – – – – – – . . . –

e1191 q1191,1 q1191,2 q1191,3 q1191,4 q1191,5 q1191,6 q1191,7 q1191,8 . . . q1191,16
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Figure 6 (a) Plot of induced charges versus sensor radius and (b) plot of induced current versus sensor radius
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4. Discussion of results

The plots of the results presented are based on the forward

modeled equations developed using the fundamental theories

of electrostatics, and the central coordinates of each of the

finite elements and the sensors. Figure 5 shows a good linear

relationship between the induced charges, current and the

sensor radius. These relations suggest that the electrode with

higher radius senses and induce more charges and current

than lower radial electrode sensors. Figure 7 shows the plots

of charge distribution on the sensing zone as viewed by some

selected sensors and all the sensors. It can be observed that

the spikes are shown around the sensor under consideration,

which can be seen from comparing the Figure 1 under

sensor’s configuration of section (2) and the spike points on

the charge distribution plots.
Figure 8 shows the 2-D version of the charge sensitivities in

terms of the charges on the elements. Figure 8 shows spikes

around the elements close to the reference sensor and the charge

magnitude decreases as the sensor is further away from the

elements. Based on the 16 electrostatic sensors, filtering and

compressions were carried out on the modeled data to obtain a

[16 £ 16] square matrix. The resulting compressed matrix was

used for the surf plots of Figure 9, for different charge

conditions on the resulting 16 £ 16 image pixels. Figure 8 shows

the presence or absence of charges on any of the image pixels.
Other important features to note on the presented results

are the differences in the magnitude of the induced charges as

shown in figures. Although the sensors are symmetrically

installed, the elements numbering are automatically done and

as such some numbers are concentrated closer to some

sensors than the others, as such those sensors will have more

induced charges than the others. Furthermore, tomographic

data are ill-conditioned, and this may be the cause of the

differences observed in the results. The compression method

introduced in this research and the Standard Tikhonov

Regularization Method as proposed in Rahmat et al. (2009b)

and Zhou et al. (2011) can be applied to address the problems

of the tomography application.

5. Conclusions

This paper presents the development of two dimensional

induced charge models for each of the 16 array of

Figure 8 Sensors sensitivities to charges on the elements
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electrostatic sensors. The sensors are installed around a sensing

zone of pneumatically conveying pipeline. The elements’
generation and coordinates transformation techniques of the
FEM, together with Cartesian coordinate system, were used to

develop the system model equations. MATLAB code was
developed and used for the generation of the finite elements and
positioning of the electrostatic sensors on the problem domain.
The proposed method is a useful approach as it addresses the

problems of accurate charge distribution positioning, and
reduces data processing and computational time. The approach
can find direct applications in electric charge, and tomographic

image reconstruction. Since the research focus is on the
tomographic imaging, the unsymmetrical electrostatic charge
distributions shown in the results is addressed by the proposed
matrix compression techniques. The results are in conformity

with published research results on capacitance tomography
modeling (Zhang et al., 2010).
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