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a b s t r a c t

Tomography determines the distribution of materials by the use of sensors that captures information on
the materials in regions of interests such as cross-section of pipelines or process vessels. In this paper,
system equation for the 4 and 16 sensor systems is derived based on the Cartesian coordinate system,
the elements’ technique of the finite-element method, Gauss’s and Coulomb’s theories. The derived
equation relates the electric charge distribution in a pipeline cross-section and the installed sensors at
the periphery of the pipeline. From the developed system equation, sensitivity matrices for the two
systems resulting from the assumed spatial electric-charge distribution on the pipeline cross-section
were made. The developed sensitivity matrices of the two systems were in turn used for the
reconstruction of the tomography images or concentration profiles of the moving particles across the
pipeline cross-section. This research is carried out in order to explore the possibilities of reducing
the 8 to 32 electrodynamic sensor systems that are normally used in electric charge tomography
systems. A comparison between the reconstructed images of the 4 and 16 sensor systems was made, and
the results show that the 16 sensor system produced more accurate images than the 4 sensor system.
Nevertheless, the 4 sensors’ system could be used in quantitative applications.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Many industries utilize pneumatic pipeline conveying techniques
for transportation of bulk solid materials from one point to another
[1]. One of the advantages of pipeline conveyance is that it reduces
operational risk, because transportation of materials is done remotely
from safe points to hazardous points or vice versa. The practical
applications of the pipeline conveyance are in the transportations of
coal in coal power plants, cement powder in cement industries, flour
and grains in food processing industries, etc. In order to optimize the
production efficiencies of these industries; information on material
bulk flow rate, velocity, particle sizes and concentration profiles of
the convey materials is necessary [2]. To obtain this informa-
tion, several methods of measurements that avoid physical contact
with measured materials have been proposed such as electrical
(capacitance, electrostatic, impedance, and electromagnetic), optical,
attenuation, process tomography, and nuclear magnetic resonance,
with each having its advantages and disadvantages [3].

The tomography determines the distribution of materials in some
region of interest [4] such as cross-section of a pipeline, process

vessels, etc., by the use sensors that capture information on the
convey materials or processing. However, in the case of solid particle
movement, the interaction between the particles and the conveying
gas, and the pipeline wall create electrostatic charges on the moving
particles [5]. When the charged particles pass through the sensing
zone, the installed electrodynamic sensors detect the electric charges
on the particles, leading to induce charges on the sensors [6].
Consequently, flow parameters, such as velocity, bulk, mass flow
rate, size and tomographic images of the charged flowing particles
can be obtained through the suitable electrostatic sensors in con-
junction with the appropriate signal processing, analyzing equip-
ments and technologies [7–9]. It is worth to note that the dominant
sensors in process tomography are capacitive and electrodynamic,
which have different sensing phenomena. The electrodynamic sen-
sing feature is based on the effect of the electric field on the sensor
electrode due to electrical charges in the sensing zone. Machida and
Scarlet [10] have established that “the finite time flight of a charged
particle is equivalent to a finite current in electromagnetism, which is
a source of magnetic field which generates electrical flux that
induces charge on the sensor electrodes”. It is the electric field effect
that derives the charges in the sensor electrodes of the electrody-
namic sensors, thereby converting charges into the voltage signals
which are captured by the data acquisition equipment and used for
the tomography image reconstruction. Since the sensing techniques
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of the electrodynamic sensors in solid particles flow are based on
magnetic and electric fields, created by the charges on the flowing
solid particles, the permittivity of the medium and the conveying
pipeline is not a factor to be considered as can be seen in the
development of the system equation reported in [11] that is used in
this paper. On the other hand, the capacitive sensing phenomenon is
based on the permittivity of the sensing zone, which changes with
change in the permittivity of the medium. The change in the
permittivity of the medium of interest (conveying pipeline cross-
section) is due to the permittivity of the material to be measured, and
is the subject of interest in the capacitance tomography system. An
intensive research has been conducted on the effect of shielding on
capacitance sensor’s response in tomography [12] in which the
results have shown that the permittivity of the conveying pipeline
is a considerable factor.

Finite-element method (FEM) is an application of finite-element
analysis (FEA) for finding approximate solutions of integral and
partial differential equations. The benefits of FEM include improved
standard of designs and methodology of an industrial process [13].
These benefits of FEM have not been much explored in the field of
process tomography, especially electric charge tomography (EChT)
system. However, FEMs were employed in other tomographic
imaging, where software packages were used for modeling, as
reported in [14–17] but not on electric charge tomography imaging.
The available works on electric charge tomography using FEM
[5,18,19] are mostly on flow parameters such as velocity, mass flow
rate and parameter selections. In those applications, the FEM
software packages were used for automatic mesh elements genera-
tion and analysis in which the generated mesh elements covered
everywhere around the domain which includes the whole reference
pipe-section which is not necessary in tomography, which requires
only cross-sectional distribution of the flowing or process materials.

One of the problems of tomographic imaging of multiphase flow
is the good quality of the resulted charge distribution within the
measurement domain [20]. In order to improve the qualities of the
electrodynamic tomography images, various efforts have been
made, among which is the work of Machida and Kaminoyama [6],
in which they proposed more sensors to obtain better tomography
image. The implications of more sensors in a system are high cost,
design sophistication and possible weaken of the test points. Too
many protruded sensors around a test point may make the test
point to be a potential point of system failure, due to the dynamism
of normal industrial environment. Other efforts were also made to
improve the quality of the tomography images using Neural Net-
work [21] and Fuzzy logic [22], with no specific solution to problem
of charge distribution. In this paper tomography images of particles
moving through a pipeline were reconstructed by the use of the
4 and 16 electrodynamic sensor array. In the reconstruction of the

images, a two dimensional induced charge model for each of the
4 and 16 arrays of electrostatic sensors that are installed around a
pneumatic conveying pipeline were made. The system equation
derived in [11] is used to develop the electric charge spatial
sensitivity matrices for the 4 and 16 sensors’ systems as well as
the sensitivity maps of their problem domains. The maps were
developed to demonstrate the sensitivity of the sensors to the
charges carried by the moving particles. The matrices were used to
reconstruct the concentration profile of the moving particles by
applying the Pro-Rata Distribution Method (PRDM) detailed in [23].
The objective of the paper is to explore the possibility of using
fewer sensors for determination of the concentration profile of
moving solid particles across the conveying pipeline’s cross-section,
which could be applied in the relevant industries.

2. Methodology

2.1. The sensor configuration

The schematic diagrams of the sensor configurations used in the
modeling of the two systems are shown in Fig. 1, which is for the
4 sensor system, where the electrodynamic sensors are installed
equally spaced on the circumference of a pipeline cross-section.
Similar configurations was also used for the 16 sensor system. The
electrode protrudes through the outer surface of the pipe cross-
section and flushes along 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 called a finite-element or
computational mesh [24,25]. In this paper, the Matlab program was
developed and used to mesh the sensing zone into triangular-shaped
elements. The elements are the image pixels of the tomography
imaging system. The developed program also installed and spaced
the electrode sensors equally around the circumference of the pipe.
Fig. 2 shows the schematic diagram of the 4 sensors’ system, showing
the meshed domain with the 4 sensors installed. Fig. 2 also shows one
of the meshed elements being exaggerated and a reference sensor
with their central Cartesian coordinates respectively.

2.3. The mathematical modeling

The modeling of the system equation involved a formulation of
the relationship between the electrostatic fields due to the charges
in each finite-element as sensed by the installed sensors as shown
in Fig. 2. According to Green et al. [26], the presence of charge/s at

Fig. 1. (A) Pipeline with the sensors installed at a point around the circumference. (B) Pipe cross-section with the 4 sensors installed. (C) Pin electrode of the electrodynamic
sensor.
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any location in a pipe cross section affects the output of all sensor’s
array installed around the sensing zone of a pipeline. However, Eq.
(1) is modeled to quantify the electrostatic charges in any of the
elements in the sensing zone that are sensed by the installed
sensors. In modeling of the equation, it was assumed that the
particles move parallel to the Z axis of the pipeline, whose radius is
rp. Fig. 2 also shows an exaggerated reference element of the
domain with its Cartesian coordinates ei(xi, yi) and the element’s
surface area Ae lying on the same plane. The installed sensors and
their Cartesian coordinates Sn(xn, yn) are also installed equally,
spaced from each other on the circumference of the pipeline. Based
on the pipe and mesh parameters, Eq. (1) was derived using the
Gauss’s and Coulomb’s electrostatic theories, in terms of the
Cartesian coordinates of the elements and the sensors centers.
The detailed derivation of Eq. (1) can be found in [11]. Derivation

Fig. 2. Pipe sensing domain subdivided into finite-elements.
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Fig. 3. The meshed domains: (A1) the 4 sensor system, (A2) the 16 sensor systems, (B1) the plot of the central coordinates of the elements of the 4 sensor system and (B2) the
plot of the central coordinates of the elements of the 16 sensors’ system.

Table 1
Extract from sensitivity matrix of [1191"4] for the 4 sensor system.

Elements and its
central Cartesian
coordinate

Sensors and its central Cartesian coordinates and the
induced charges in Coulomb per sensor (Qi,n(s))

S1(#9.2exp#17,
#0.5)

S2(#0.5,
6.1exp#17)

S3(3.1exp#17,
0.5)

S4
(0.5,
0)

e1(#0.05, 0.32) 0.748 0.544 0.163 0.587
e2(#0.15, #0.21) 0.286 0.399 0.656 0.633
e3(#0.30, #0.12) 0.434 0.221 0.619 0.760
e4(#0.22, #0.13) 0.379 0.300 0.603 0.682
– – – – –

e1191(0.35, #0.34) 0.345 0.925 0.833 0.333

Table 2
Extract from sensitivity matrix of [1191"16] for the 16 sensors system.

Elements and
its central
Cartesian
coordinate

Sensors and its central Cartesian coordinates,
and the induced charges in Coulomb per sensor (Qi,n(s))

S1(0.46,#0.19) S2(0.35,#0.35) S3(0.19,#0.46) – S16(0.50,0)

e1(#0.05,
0.32)

0.639 0.708 0.778 – 0.585

e2(#0.15,
#0.21)

0.535 0.461 0.390 – 0.631

e3(#0.30,
#0.12)

0.682 0.626 0.564 – 0.759

e4(#0.22,
#0.13)

0.604 0.548 0.490 – 0.681

– – – – – –

e1191(0.35,
#0.34)

0.153 0.0150 0.187 – 0.332
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to quantify electric charge per image pixels using different
approaches is also presented in [27] with many problems that
resulted in false images being reconstructed outside the conveying
pipeline and around the installed sensors.

Qi;nðsÞ ¼ #
πrs3s

4rp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxei#xsnÞ2þðyei#ysnÞ

2
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðxei#xsnÞ2þðyei#ysnÞ
2þrs2

q

ð1Þ

where Qi,n(s) is the electric charge on element i as sensed by sensor
n, (xei, yei) is the central x–y coordinates of the element i while (xsn,
ysn) is the central x–y coordinates of sensor n. The equal charge
density on the cross-section of pipeline in C m#2 is represented by
r while rp and rs is pipeline’s and sensor electrode’s radius
respectively.

The designed computer program gave the coordinates of the
element nodes from which the elements’ central coordinates xei
and yei were obtained by the use of Eq. (2) through the application
of space coordinates interpolation techniques of FEM [28].

xei ¼ xei1N1þxei2N2 þxei3N3 ¼ ∑
3

j ¼ 1
xeij Nj;

j¼ nodes of element ei
N¼ shape f unction of ei

( )

yei ¼ yei1N1þyei2N2þyei3N3 ¼ ∑
3

j ¼ 1
yeij Nj ð2Þ

The obtained central coordinates of the elements and sensors
were used in deriving the system equation (1). In meshing of the
problem domain, the main objective is to have good mesh elements

that completely cover the problem domain in which each element’s
shape should be a square (quadrilateral), or equilateral-triangle
(triangular) elements [29].

2.4. The tomographic image reconstruction procedure

Since the central coordinates of the elements and sensors are
known from the results of the developed Matlab code, the system
equation (1) was used to generate the sensitivity matrix of [M"N]
of the systems, where the matrix elements are vector multipliers,
which is the charge sensing capability of each sensor, when the
pipeline cross-section has equal electric charge density. The
filtered back projection method proposed by Rahmat et al. [27]
was also applied in order to compensate the low signals reception
from the charges on the elements around the center of pipeline
cross-section. The filtering process involves taking a maximum
value of pixel (Smax) in sensitivity matrix S, and divides the Smax by
each value of pixel (Si), as shown in the following equation:

F ¼
Smax

Si

" #
ð3Þ

In the image reconstruction, PRDM approach was employed, in
which the captured electric potential from each installed sensor is
distributed proportionately to each element’s charge sensed by
each sensor under the equal charge distribution condition, across
the pipeline cross-section. The sensed electric charge under the
equal charge distribution across the pipeline cross-section is
calculated by the use of the system equation presented and is
presented in the form of a matrix, called the system’s sensitivity
matrix. The PRDM concept is that if n people contributed m¼
k1þk2þ…… þkn amount of money to invest in a venture, and if
the investment yielded a profit of P amount, the profit sharing
among the investors in pro-rata is as per the following equa-
tion [23]:

PiðnÞ ¼
ki

∑
n

i ¼ 1
ki
P ð4Þ

where pi(n) is the ith investor’s share out of the P total profit.Fig. 4. 2-D sensitivity plots for the 4 sensors system.

Fig. 5. 2-D sensitivity plots for the 16 sensors system.

I. Tizhe Thuku, M.F. Rahmat / Flow Measurement and Instrumentation 38 (2014) 9–2012



3. Results

3.1. Domain meshing

The developed computer program structurally meshes the domain
(cross-section of the pipeline) into 1191 triangular elements with a

total of 636 nodes of known coordinates as shown in Fig. 3A1 and A2

for the 4 and 16 sensor systems respectively. As explained earlier, the
space coordinates interpolation techniques of FEM was employed to
get the central coordinates of each element, and the plots of the
central coordinates of the mesh elements and the sensors for the
4 and 16 sensor system are shown in Fig. 3B1 and B2 respectively.
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The extracts from the sensitivity matrices [M"N] of [1191"4]
and [1191"16] for the 4 and 16 sensors’ system are respectively
shown in Tables 1 and 2. The presented sensitivity matrices are the
sensing factor of each sensor when the electric charges carried by
the moving solid particles are equally distributed across the
pipeline cross-section and was calculated using the system equa-
tion (1). It can be seen that the first columns of Tables 1 and 2

presented each element and its Cartesian coordinates, while the
remaining columns presented the electric charge magnitude
sensed by each sensor, due to the charges in each element under
the equal charge distribution across the pipeline cross-section as
explained earlier. It is based on the equal electric charge distribu-
tion on the pipeline cross-section that lead to the possibility of
measuring the concentration profile of the moving solid particles

Fig. 7. Experimental test equipment installed: (A) for the 4 sensors’ setup and (B) for the 16 sensors’ setup.

Fig. 8. Experiment baffling section: (A1) to (C1) the 3 regimes flow for the 4 sensor system; (A2) to (C2) for the 16 sensor system.
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through the pipeline cross-section. The possibility is based on the
observed variation resulting from the inhomogeneous charges
created by the moving solid particles, observed from the data
captured by each sensor. It can also be noted that the Cartesian
coordinates of each sensor are also presented in row 1 of
Tables 1 and 2.

The experimental equipment’s parameters that were used in
the equation for the computation of the sensitivity matrices are
pipeline radius rp of 50 mm, sensor electrode radius rs of 2.5 mm.
Also used in the computation of the sensitivity matrix are central
coordinates of the mesh elements and the sensors, and assumed
equal charge density distribution r of 1 C m#2 across the pipeline
cross-section, carried by the moving solid particles. The 2-D
sensitivity plots of the 4 and 16 sensors’ system are shown in
Figs. 4 and 5 respectively.

Fig. 6 shows the sensitivity maps for the 4 and 16 sensor
system, where the sensitivity maps for the 4 sensors’ system are
shown in Fig. 6A1 to E1, while for the 16 sensors’ system, some
maps were randomly selected from the 17 maps and are shown in
Fig. 6A2 to E2 as rudimentary examples.

3.2. Experimentation

3.2.1. Experimental set-up
A typical electrodynamics sensor consists of a plain metal rod

called sensor electrode, and the supporting signal conditioning
circuits, by which, the charge detected by electrodynamic sensors
through induction in the electrodes are converted into a voltage
signal which are used for the tomographic image reconstruction.
In this work, a non-conducting poly-vinyl-chloride (PVC) pipe was
used as test pipeline. The choice of the PVC pipe is to minimize the
possible discharge of the charges on the moving solid particles
that may occur through a conducting pipeline if used. The
complete equipment used for the experimentation in both 4 and
16 sensors’ system is shown in Fig. 7.

For the purpose of experimentation, different flow regimes
(quarter-flow, half-flow and three-quarter-flow) are obtained by
the use respective shape of baffling pegs that are constructed and
used as shown in Fig. 8, while the forth flow regime called “the
Full-flow” does not require baffling.

3.2.2. Data capturing
To carry out the experiments of the 4 and 16 sensor system, the

test rig in Fig. 7 was used, where the suction pump transports the
particles from the particle reservoir to the overhead bunker. The
flow of the particles from the bunker through the experimental
pipeline was controlled by a motor driven rotary valve system.
Different flow regimes were obtained by changing the baffling peg
shapes as shown in Fig. 8. The voltages captured by the installed
sensors through the data acquisition module are presented in
Tables 3 and 4, whose histograms are shown in Fig. 9 for the
different flow regimes of the 4 and 16 sensor system respectively.
In carrying out the experiment, data were first captured at no flow
condition, which we called offset data. The essence of taking the
offset measurement is to determine the free charges within the
sensing zone that may affect the parameter of interest, which are
the charges carried by the moving solid particles. The true data
used for the concentration profiles are the differences between the
No-Flow (offset) and Yes-Flow (real) data for each of the 4 flow
regimes. Because of the possible stray charges around the mea-
surement surrounding that may be induced by the sensing
electrodes, the electrodynamic sensor electronic circuitry is
usually equipped with filters, which filters the high frequency
signals that may affect the true data.

3.2.3. Image reconstruction
Landwber’s iteration method is quoted in [30], where a simple

linear approximation for forward problem is used in matrix form
as in the following equation:

Ax¼ b ð5Þ

where A is [M"N] which is the normalized sensitivity matrix in
which M is the image pixels (total elements of the domain), N is
the number of electrodynamic sensors installed around the pipe-
line. x is a n" 1 vector of the image of the charge distribution,
while b is n"1 vector which is the charges captured by the
installed sensors in the form of voltages via the data acquisition
module. As explained earlier, the sensitivity matrix for the 4 and
16 sensor systems is calculated by the use of system equation (1)
by which the sensitivity value of sensor j due to electric charges on
element i (Si,j(ei)) is expressed as shown in the following equation:

Si;jðeiÞ ¼ #
πrs3s

4rp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi#xjÞ2þðyi#yjÞ

2
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðxi#xjÞ2þðyi#yjÞ
2þrs2

q '
i¼ 1;2; :::1191;
j¼ 1;2:::4 or 16

( )

ð6Þ

where r is the constant electric charge density across the pipeline,
rs is the sensor electrode radius, rp is the conveying pipeline cross-
section radius, xi, yi are the central coordinates of element i and xj,
yj are the central coordinates of sensor j. The sensitivity values
calculated for the m elements and n sensors are arranged into a
sensitivity matrix of [M"N] used to represent the m rows and n
columns. For the image reconstruction, a normalized matrix is
normally obtained using the Landweber's method expressed by
Eq. (7), which is similar to the multiplication factor of the pro-rata
distribution of Eq. (4) used in this paper.

Smi;j ¼
Si;j

∑
m

i ¼ 1
Si;j

ð7Þ

Similar to Eq. (7), the image matrices for the two systems were
obtained using Eq. (8), based on the pro-rata distribution concept
highlighted earlier. However, the pro-rata concept is based on the
fact that each element contributed according to the value of the
sensitivity matrix obtained from the system equation, under
the constant charge distribution across the pipe cross-section, to

Table 4
An extract from the D.C. voltage captured by each installed sensor during the
experimentation of the 4 flow regimes in the 16 sensors’ system.

Flow regimes Voltages (V) captured by each sensor

S1 S2 S3 S4 – S16

No-flow #0.039 #0.115 0.001 #0.004 #0.053
¼-flow 0.099 0.123 0.148 0.067 – 0.137
½-flow 0.327 0.138 0.334 0.170 – 0.884
¾-flow 0.900 0.921 1.001 0.899 – 0.771
Full-flow 0.500 0.545 0.661 0.713 0.543

Table 3
An extract from the D.C. voltage captured by each installed sensor during the
experimentation of the 4 flow regimes in the 4 sensors’ system.

Flow regimes Voltages (V) captured by each sensor

S1 S2 S3 S4

No-flow #0.039 #0.027 #0.101 0.016
¼-flow 0.104 0.063 0.056 0.728
½-flow 0.276 0.131 0.300 1.343
¾-flow 0.654 0.692 0.771 0.277
Full-flow 0.397 0.759 0.541 1.157
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whatever data is captured by each installed sensor. Therefore, to
obtain the image data; the captured voltage obtained during
different flow regimes experimentation is divided proportionate
to the value of the sensitivity matrix of each sensor. The extract of
the pro-rata image matrix is shown in Table 5 for quarter flow
regime of the 4 sensor system as an example.

Ai;j ¼
Smi;j

∑
m

i ¼ 1
Si;j

V j
0

i¼ 1;2; ::::m¼ 1191
j¼ 1;2; ::n¼ 4 or 16
Vj ¼ voltage obtained f rom sensor j

8
><

>:
ð8Þ

The sensing characteristics of the sensors in respect of the equal
electric charge distribution across the pipeline cross-section are also
presented in Figs. 10 and 11 for the 4 and 16 sensor systems
respectively. The matrix obtained from Eq. (8) Is a rectangular matrix,
by which concentration profile of the moving particles through the

conveying pipeline (tomography image of material distribution) was
reconstructed using the pro-rata distribution concept. The LBP concept
was based on the fact that, the image is reconstructed by redistributing
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Fig. 9. Histograms of average voltages captured: (A1) to (D1) voltage captured representation in the 4 sensor system for 4 the different flow regimes; (A2) to (D2) the voltages
captured by the 16 sensor system for the 4 different flow regimes.

Table 5
An extract from the image data obtained using the pro-rata distribution concept of
¼-flow regime of the 4 sensor system.

Elements (ei) Sensor (Sn) induced charges (C)

S1 S2 S3 S4

e1 0.000176 7.35exp#05 4.20exp#05 0.000667
e2 6.74exp#05 5.39exp#05 0.000169 0.000719
e3 0.000102 2.98exp#05 0.000160 0.000864
e4 8.92exp#05 4.05exp#05 0.000156 0.000776
– – – – –

e1191 8.13exp#05 0.000125 0.000215 0.000379

I. Tizhe Thuku, M.F. Rahmat / Flow Measurement and Instrumentation 38 (2014) 9–2016



electric charges carried by the particles measured as voltage through
the electrodynamic sensors along each projection [31]. This method is
similar to the pro-rata approach which was applied to obtain the data
of Tables 5 and 6 for the 4 and 16 sensor system respectively for the
quarter flow regime. The advantage of the pro-rata over the LBP is
that, pro-rata does not require the matrix to be square, symmetric and
invertible as being the requirements for the LBP. Making the sensitivity
matrix square, symmetric and invertible have always been a problem

in LBP; whereby, singular value decomposition approach (SVD) has
been applied [32] and the approach is characterized with many
problems of implementation, which includes, arbitrary choice of
regularization parameters, image reconstruction requires going
through different algorithms, etc. In this paper as highlighted earlier;
the pro-rata distribution approach was applied to obtain the image
data from the experimental 4 flow regimes and are used for the
reconstruction of the tomography images of the two systems. The
tomography images for the 4 flow regimes of the two systems (4 and
16 sensors’ systems) are shown in Fig. 12.

In Fig. 10, the distribution of the charges which represent the
induced sensor voltage, in the mesh elements are highly pro-
nounced in sensor 4. This shows that the sensors correctly sensed
the distribution of the solid particle’s material across the pipeline
cross-section and confirmed that the charges in the sensor
electrodes do not interact. It is interesting to note that, the 2-D
sensing characteristics of the 4 sensor system shown in Fig. 10, is
in line with the histogramic presentation of the induced voltage
presented in Fig. 9A1 of the ¼ -flow regime, which shows that
sensor 4 induced more voltage than the remaining 3 sensors and is
¼-of the total sensors.

Fig. 10. Plots of sensing characteristics of the 4 sensors based on a pro-rata distribution algorithm for the ¼-flow regime.

Fig. 11. Plots of sensing characteristics of the 16 sensors based on pro-rata distributed data for ¼-flow regime.

Table 6
An extract from the image data obtained using the pro-rata distribution concept for
¼-flow regime of the 16 sensor system.

Elements (ei) Sensor (Sn) induced charges (C)

S1 S2 S3 – S16

e1 0.000153 0.000255 0.000118 – 0.000139
e2 0.000129 0.000166 5.90exp#05 – 0.00015
e3 0.000164 0.000226 8.53exp#05 – 0.000181
e4 0.000145 0.000198 7.41exp#05 – 0.000162
– – – – – –

e1191 3.68exp#05 5.39exp#06 2.83exp#05 – 7.91exp#05

I. Tizhe Thuku, M.F. Rahmat / Flow Measurement and Instrumentation 38 (2014) 9–20 17



Consider Fig. 11, which is the 2-D presentation of the distribution
of the charges among the sensors, it is a clearly shown that sensors
12, 13, 14 and 15 induced more charges than the other sensors of the
16 sensor system, which is in the form of voltages than the other
sensors and is also in line with the histogram of Fig. 10A2. The highly
induced sensors are 4, which represent ¼ of the total sensors used in
the 16 sensor system, which also confirmed ¼ -flow regime. Fig. 11
also shows that the sensors correctly sensed the distribution of the
solid particle’s material across the pipeline cross-section. The 2-D

sensitivity characteristic also shows that, the induced electric charges
in the sensor electrodes do not interact, or else, the interaction could
have been significantly shown in the spectrum.

4. Discussion

The particles move as a stream through the conveying pipeline.
During the movement, the charges carried by the moving solid
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Fig. 12. 3-D plots of the concentration profile of the flowing particles (the tomography image): (A1) to (D1) are for the 4 sensor system in the 4 different flow regimes while
(A2) to (D2) are in the 16 sensors’ system.
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particles are captured by the electrodynamic sensors installed
around the sensing zones of the 4 and 16 sensor systems. As
shown in Fig. 3, the finite elements are generated uniformly and
completely covered the sensing zone, which is the pipeline cross-
section. The uniformity and complete coverage of the pipeline
cross-section with the mesh elements gave a good sensitivity
matrix of the system, which is confirmed by the resulted sensi-
tivity maps in Fig. 6. The 3-D tomography images of the 4 flow
regimes for the 4 and 16 sensor systems otherwise called the
concentration profiles are shown in Fig. 12. The 3-D presentation
of the particle concentration profile is the projection of the electric
charges sensed by the installed electrodynamic sensors in 3-D
with respect to the mesh elements and the installed sensors,
where elements are shown on the Y axis and the sensors are on
the X axis. The magnitudes of the induced charges on the sensors
are projected along the Z axis. The presentation in Fig. 12,
demonstrated the particle concentration profiles across the pipe-
line cross-section for the 4 different flow regimes. Comparing
Fig. 9 which shows the histogram of the captured data, and the
reconstructed concentration profile of Fig. 12, it can be observed
that the pattern is the same, because in the sensors that has the
high induced voltage signals are similarly shown the high con-
centration profile. Consider the ¼-flow regime as an example,
shown in the histogram representation of the flow in Fig. 9A1 and
A2 for the 4 and 16 sensor systems, respectively, it can be seen that
sensor 4 induced the highest voltage in the 4 sensors’ system,
while sensors 12, 13, 14 and 15 induced higher voltages in the 16
sensor system, and all represent ¼ of their respective total sensors.
In Fig. 12, which shows the concentration profile of the ¼-flow, it
can be seen from the sensor axis of Fig. 12, that these sensors that
induced higher voltages show the most concentration and are well
distributed on the domain as can be seen also from the mesh
elements’ axis. The distribution as shown in the concentration
profile of Fig. 9A1 and A2 covered ¼ of the pipeline cross-section. In
view of the good distribution of the mesh elements and its central

coordinates as shown in Fig. 3 and Tables 1, 2 and 6, and the
resulted concentration profiles, which clearly show the distribu-
tion of the flowing particles in line with the created flow regimes;
it may not be out of place, to say that, the meshing technique of
the finite element method (FEM) upon which the system equation
is developed is a good candidate for determination of particle
positions using electrodynamic sensors.

It can also be observed that the data captured in the form of
voltages for 4 and 16 sensor systems presented in Fig. 9 shows that
quarter and half-flow as well as three-quarter and full-flows are
similar in 4 sensors’ system, while in 16 sensors’ system they are
distinctively different for all the 4 flow regimes. The reconstructed
images of the solid particle distribution across the pipeline cross-
section (concentration profile) shown in Fig. 12, clearly repre-
sented the captured data of Fig. 9, as per the particles flowing
patterns at different flow regimes. It is worth to note that, the
reconstructed image is not smooth, which is due to the nature of
measurement instruments that does not give homogeneous par-
ticle distribution across the pipeline. The inhomogeneous distri-
bution of the particles through the pipeline can be observed in the
experiment photographs taken using digital camera shown in
Fig. 13.

Another factor to be observed is that when the particles strike
the baffles, the particles scattered due to gravitational force,
thereby induces charges to unintended sensors, and these were
observed during experimentation. To obtain the best quality
images, the sensing electrodes were installed close to the baffles
as shown in Fig. 8.

5. Conclusion

This paper presented an image reconstruction for 4 and 16 sensors
electrodynamic tomography systems using finite element method; so
as to explore the possibilities of reducing the traditional 8 to 32

Fig. 13. The photographs captured during experimentation: (A) quarter flow, (B) half-flow, (C) three quarter flow and (D) full flow.
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electrodynamic sensors usually used in the electric charge tomography
system. It is our view that, the use of more sensors may weaken the
test point and may subject the solid particles’ conveying pipeline to
failure, and the failure consequences may be catastrophic. Other
disadvantages of using more sensors are the additional cost and
sophistication of the implementation. However, the reconstructed
tomographic images shown in Fig. 12 clearly show that, the 16 sensors’
system produced more accurate presentation of the concentration
profiles of the flowing solid particles during the experimental 4 flow
regimes, across the pipeline cross-section. In consideration of the cost
implication, design sophistication and probable risk of failure, the
4 sensor system could be used in applications where accuracy of the
concentration profile of the flowing solid particles is not critical. It is
worth reiterating that the application of the mesh element generation
techniques of FEM using the Cartesian coordinates of the mesh
element is a good candidate for position determination of particles
within a sensing zone, and this can be ascertained from the plots of
the mesh element’s central coordinates of Fig. 3, the system equation
(1), the sensitivity maps of Fig. 6 and the final results of Fig. 12.
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