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Abstract
Purpose – Electrostatic sensors are applied to measure velocity of solid particles in many industries because controlling the velocity particles
improves product quality and process efficiency. The purpose of current paper is optimization of these sensors which is required to achieve
maximum spatial sensitivity and minimum statistical error.
Design/methodology/approach – Different electrode of electrostatic sensors with different length, thickness and sensor separations were
experimentally applied in laboratory. Then, correlation velocity, signal bandwidth and statistical error were calculated.
Findings – High sensor separation is a crucial factor because it would lead to increase signal similarity and decrease statistical error. This paper
focuses on the effect of sensor separation on optimization of electrostatic sensors.
Originality/value – From observations, the optimal value for length, thickness and sensor separations was 0.6, 0.5 and 15 cm, respectively.
Consequently, statistical error has improved by about 17 per cent. These results provided a significant basis of optimization of electrostatic sensors.
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1. Introduction

There are several sensors which have been applied in different
industries such as optical sensors (Ibrahim and Green, 2002;
Khairi et al., 2012), capacitive sensors (Pour et al., 2018;
Behzadi et al., 2011; Behzadi and Golnabi, 2010; Behzadi
and Golnabi, 2011) and electrostatic sensors. Among all
these sensors, electrostatic sensors have been mostly used in
industrial processing because of their strong designs and
lower cost. Yan et al. (1995) presented theoretical and
experimental studies of electrostatic sensors based on the
cross-correlation method whereby a ring-shaped electrode
was used to measure the velocity of particles. Then, the
electrostatic sensors sensing mechanism, spatial sensitivity
and spatial filtering qualities were described. Moreover, a
mathematical model of bare-metal ring electrode was built by
Yan and Ma (2000). This was the first analytic expression
about sensitive response of the ring electrode. In addition,
they described the fundamental mechanism of the
electrostatic sensing and identified important aspects of the
design of constituent elements of the sensor, including
electrodes, amplifiers and sensing heads, to measure the
velocity of pneumatically conveyed solids.
Mathematical models of electrostatic sensors have been

stated from circular-ring electrode, quarter-ring electrode, pin
electrode and rectangular electrode by several researchers
(Zhang et al., 2007; Xu et al., 2012; Shao et al., 2010). A
detailed mathematical model to describe the characteristics of

rectangular electrodes is available in literature (Peng et al.,
2008). Apart from those, two different methods to install
electrostatic sensor in a pipeline is also available, which are
non-intrusive and intrusive arrangement (Thorn et al., 1982).
Experimental studies have been reported on measurement of
velocity, concentration and mass flow rate for both non-
intrusive and intrusive models of electrostatic sensors by several
researchers (Mustafa, 2011; Xie et al., 1989; Arakaki et al.,
2006). Seraj et al. (2013) also used the cross-correlation
method and electrostatic sensor to measure the velocity of
particles. Xu et al. (2013) derived spatial sensitivity of linear
electrostatic sensor arrays for particle velocity measurement.
They explained that spatial sensitivity is closely related to
number, spacing and width of an electrode. Many of the
researchers have ignored the thickness of electrode, whereas it
is an important factor and affects output signals. In the current
study, electrostatic sensors are selected to carry out laboratory
tests because of their properties. The effect of thickness of the
electrostatic sensor is taken into account. A cross-correlation
technique was applied to approximate the velocity of solid
particles. Two sensors were needed to measure the velocity of
particles using the cross-correlation method. The effect on the
cross-correlation coefficient and amount of velocity was
completely dependent on the distance between the two sensors,
and experimental tests conducted with various distances
between the sensors have been out.
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2. Methodology

A simplified physical model of two electrode shapes of an
electrostatic sensor, including circular- and quarter-ring
electrode, to measure the velocity of particles is shown in
Figure 1. Circular-shaped electrodes are normally non-
intrusive, although embedded in the pipeline wall and used as
an insulator. This application has been extensively researched,
but is an expensive option as the diameter of a pipe is large.
Another disadvantage of using the circular electrode of an
electrostatic sensor is that it is difficult to install. However, the
benefits of circular electrodes are that they do not restrict the
flow, and have minimal problems associated with electrode
wear. In this study, intrusive circular-ring electrode was used.
The basic principle of cross-correlation technique to measure
velocity using electrostatic sensor is depicted in Figure 2. A unit
point charge considered in this model moves downward and
generates induced charge because of the interaction between
particles, in addition to the particle and pipeline. According to
the electrostatic theory, induced charge creates an electric field
in the pipeline. In this model, the major duty of the sensing

system is to monitor the particles’ flow. The signal conditioning
circuit converts the electric charge to the voltage signal. Then, a
data acquisition system is used to convert the voltage signal and
provide data of velocity. Finally, a display system is utilized to
show the acquired data.
The major purpose of the current study was optimization of

electrostatic sensor electrodes, which is significant to achieve
more uniform spatial sensitivity and minimum statistical error.
Non-uniform spatial sensitivity is a major problem associated
with an electrostatic sensor.
Uniform spatial sensitivity is required:

� to achieve a reliable and accurate measurement of solid
concentration area; and

� to ensure that the instrument is able to cope with different
flow regimes.

A detailed mathematical model to calculate the equation of
spatial sensitivity of circular- and quarter-ring electrode was
stated in literature (Heydarianasl and Rahmat, 2017).
Referring to that, equations of spatial sensitivity for these
electrodes are described in equations (6) and (7):
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Figure 1 Physical model of an electrostatic sensor
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Figure 2 Basic subsystem of the cross-correlation technique to measure velocity
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On the other hand, statistical error exists in estimating the
transit time tm because of the randomness of electrostatic flow
noise (Xu et al., 2010). According to Yan’s study (Yan et al.,
1995), the statistical error for a narrow circular electrode of an
electrostatic sensor can be calculated as:

s tmð Þ ¼ 3
8p t B3

1
r2
m
� 1

� �� �1
2

(3)

where tm is the transit time, B is the signal bandwidth, t is
defined correlation integration time and rm is described as the
correlation coefficient. Some assumptions are required to
calculate the statistical error. Regarding the current laboratory
tests, correlation coefficient for the circular-ring electrode is
between 0.28 and 0.6, and for quarter-ring electrode, it is
between 0.12 and 0.5. The effective integration time for normal
steady flow conditions is about 15 s. The signal bandwidth can
be calculated as [1]:

B ¼ Kb Vm

L
(4)

where L denotes the length of electrode and Kb is a
proportionality, which is assumed to be equal to 1 for plastic
bead particles in this study.Vm is the mean particle velocity that
can be considered equal to the correlation velocity, Vc.
Regarding these assumptions, the signal bandwidth can be
calculated as:

B ¼ VC

L
(5)

and

VC ¼ D
tm

(6)

Hence, the signal bandwidth can be calculated by substituting
equation (6) in equation (5):

B ¼ D
L � tm (7)

where D denotes the sensor separation. Considering the above
equation, it is obvious that the minimum spacing between
electrodes leads to decreased signal bandwidth and increased

statistical error. Equation (3) denotes the ratio between the
signal bandwidth and statistical error, which is equal to B�3/2. It
means that a small alteration of the signal bandwidth has a great
change for the statistical error (Xu et al. (2010). As mentioned
earlier, minimum statistical error is required for optimization of
electrostatic sensor electrodes. Furthermore, minimum spacing
between electrodes leads to decreased correlation velocity,
considering equation (6). Hence, discrepancy between
correlation andmean particle velocity is sharply increased. This
causes decreased uniformity of the spatial sensitivity, while
more uniform spatial sensitivity is required for the optimization
of electrostatic sensor electrodes. Consequently, less separation
between electrodes leads to decreased spatial sensitivity and
increased statistical error, which are in contradiction with the
aim of optimization of electrostatic sensor electrodes.

3. Experimentation

The parameters used, as well as the methodology followed in
the experiences, are highlighted in this section in great
detail. Figure 3 shows the electrostatic sensor applied in the
current research work. The output port of the circuit
provides the output of the preamplifier and the
instrumentation amplifier series and is used to measure the
cross-correlation signal.
A number of experiments have been conducted to identify

the effects on the dynamic characteristics of the sensor. The
structural parameters of the electrode are discussed in detail;
two charge sensing electrodes were installed on the vertical pipe
(10 cm in diameter) of the flow rig for gravity conveyed solids at
a height (h) of 100 cm below the outlet of the screw feeder. The
length (L) and thickness (T) of each electrode are selected in
different sizes. Furthermore, the spacing between center lines
of electrodes are set in different values, including 5, 10, 15 and
20cm. Separation between electrodes is significant because it
affects the value and consistency of their induced charge and
spatial sensitivity. The lower distance leads to higher
correlation coefficient and needs a high-speed data acquisition
system. Besides that, there are some limitations to have
shortened distance. The interface of the electrical field between
electrodes is crucial if the locations of electrodes are extremely
closed to one another. This leads to descend in the signal
resemblance and to ascend the statistical error in velocity
measurement (Ma and Yan, 2000). On the other hand, if they
are placed at quite a separation from each other, it will result in
a low cross-correlation coefficient. Figures 4-7 show the graph
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of upstream and downstream sensors and correlation diagram
for circular-ring electrode of electrostatic sensors with different
separations and optimal value of length and thickness.
Additionally, Figures 8 till 11 illustrate the graph of upstream
and downstream sensors and correlation diagram for quarter-
ring electrode of electrostatic sensors with different separations
and optimal value of length and thickness. The nature of the
data is voltage. The data can be accessed in so many industries
that deal with powder and particles, to measure the velocity of
particles. Velocity measurement of solid particles has the most
significant role in improving product quality and process
efficiency. Physical characteristics of particles, including size,
conductivity, shape and humidity, have some influence on the

magnitude of the charge. The cross-correlation technique is
extensively used in laboratory and industry for velocity
measurement. In addition, this method applies two sensors to
measure the velocity. Electrostatic sensors are used in the
current research work because of their proficiency in providing
dependable velocity in pneumatic conveying solid particles with
exceptional repeatability and reckless dynamic reaction under
industrial situations. All of those parameters were ignored in
this study because the cross-correlation method is not relevant
to the signal magnitude. Moreover, there are not any
restrictions on data access.
All of these figures have illustrated similar parameters for

both types of electrostatic sensor electrodes. Based on the

Figure 3 The constructed electrostatic sensor

Figure 4 (a) Upstream signal, (b) downstream signal, (c) correlation
diagram of the circular-ring electrode for electrostatic sensor with
D= 5 cm, L = 0.6 cm, T= 0.5 cm

Figure 5 (a) Upstream signal, (b) downstream signal, (c) correlation
diagram of the circular-ring electrode for electrostatic sensor with
D= 10 cm, L = 0.6 cm, T = 0.5 cm
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laboratory tests, minimum spacing between electrodes has high
correlation coefficient while leading to increased electrical field
interaction and decreased signal bandwidth. Both of them lead
to increased statistical error, which is in contradiction with the
optimization aim. The relevant results are discussed in details
in the next section.

4. Results and discussion

Physical characteristics of the particles, including size,
conductivity, shape and humidity, have some influence on the
magnitude of the charge. In addition, solid velocity and
concentration are the two main parameters contributing to the

Figure 6 (a) Upstream signal, (b) downstream signal, (c) correlation
diagram of the circular-ring electrode for electrostatic sensor with
D= 15 cm, L = 0.6 cm, T = 0.5 cm

Figure 7 (a) Upstream signal, (b) downstream signal, (c) correlation
diagram of the circular-ring electrode for electrostatic sensor with
D = 20 cm, L = 0.6 cm, T = 0.5 cm

Figure 8 (a) Upstream signal, (b) downstream signal, (c) correlation
diagram of the quarter-ring electrode for electrostatic sensor with
D= 5 cm, L = 0.6 cm, T = 0.5 cm

Figure 9 (a) Upstream signal, (b) downstream signal, (c) correlation
diagram of the quarter-ring electrode for electrostatic sensor with
D= 10 cm, L = 0.6 cm, T = 0.5 cm

Sensor separation

Mozhde Heydarianasl

Sensor Review

Volume 39 · Number 5 · 2019 · 724–732

728



magnitude of the charge. All of these parameters were ignored
in this study because the cross-correlation method is not
relevant to the signal magnitude. Furthermore, the basic
subsystem to measure the velocity in experiment includes
sensing system, signal conditioning system, data acquisition

system and display system. The signal conditioning system did
not have any effect on the optimized design of the electrostatic
sensor because optimization was done on the geometry of
electrodes, and signal conditioning circuits only converted the
output signals from electrode to voltage signal.
In general, several electrodes with different sensor

separations, lengths and thicknesses were applied in the
laboratory. First, the amounts of length of electrode were
set to 0.6, 1.4 and 2.0 cm. The values of thickness of
electrode considered were 0.2, 0.4 and 0.5 cm. Moreover,
sensor separation was equal to 5, 10, 15 and 20 cm.
Correlation velocity, signal bandwidth, statistical error and
spatial sensitivity have been calculated using related
equations. For saving time and concentrating on
observations, Tables I and II depict the whole experimental
results for different value of lengths, thicknesses and
electrode’s distances.
Table I shows the experimental results of the circular-ring

electrode. As it is depicted, minimum spacing between
electrodes leads to a high correlation coefficient while reducing
the signal bandwidth and increasing the statistical error.
Achieving minimum statistical error is one of the major targets
of the current research because of the optimization of
electrostatic sensor electrodes.
Table II depicts the experimental results of the quarter-ring

electrode. Similar to the circular-ring electrode, minimum
spacing between electrodes leads to a high correlation
coefficient, reducing the signal bandwidth and increasing the
statistical error.
Based on the desired output of the current research for

optimization, the minimum statistical error is the first priority
to choose the best separation. In addition, low separation can
be followed by a high correlation coefficient and increasing the
statistical error. Although, high correlation is a desired factor
based on literature, increasing the statistical error is the
opposite aim of the optimization procedure. Additionally,
electrical field interaction leads to reducing signal similarity
that can be seen from the graphs.
Figures 4-7 show the experimental results based on the

circular-ring electrode with 0.6 cm length and 0.5 cm thickness
of electrode in different separations, including 5.0, 10, 15 and
20cm. The result of 15 cm for the circular-ring electrode is
shown in Figure 6. According to this figure, electrical field
interaction does no appeared in comparison to Figure 4 (5.0 cm
separation) and Figure 5 (10cm separation). As mentioned
earlier, electrical field interaction leads to reduced signal
similarity (Ma and Yan, 2000), as shown in these figures. On
the other hand, the cross-correlation coefficient in Figure 6
(15cm separation) is more than Figure 7 (20cm separation).
Furthermore, Figures 8-11 show the experimental results based
on the quarter-ring electrode with 0.6 cm length and 0.5 cm
thickness of electrode in different separations, including 5.0,
10, 15 and 20 cm. Considering the observed results, electrical
field interaction was less in 15 cm separation in comparison to 5
and 10 cm separations, while the cross-correlation coefficient in
15cm separation was more than the case of 20 cm separation.
Consequently, the optimal value of sensor separation between
two electrodes is 15 cm because of low electrical field
interaction and low statistical error, and the optimal value of
length and thickness of electrode have been, respectively,

Figure 10 (a) Upstream signal, (b) downstream signal, (c) correlation
diagram of the quarter-ring electrode for electrostatic sensor with
D= 15 cm, L = 0.6 cm, T = 0.5 cm

Figure 11 (a) Upstream signal, (b) downstream signal, (c) correlation
diagram of the quarter-ring electrode for electrostatic sensor with
D = 20 cm, L = 0.6 cm, T = 0.5 cm
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selected as 0.6 and 0.5 cm referring to the literature
(Heydarianasl and Rahmat, 2017) and present
experimentations for achieving maximum spatial sensitivity
and minimum statistical error. As mentioned earlier, electrical
field interaction leads to reduced signal similarity (Ma and Yan,
2000), as shown in these figures.
Table III shows the comparison of current research work

with the previous reported papers. According to Table III, the
percentage of statistical error referring to Krabicka’s study
(Krabicka and Yan, 2009b) was equal to 72 per cent. Besides
that, according to Xu’s study (Xu et al., 2012), the percentage
of statistical error was equal to 32 per cent. According to the
optimal value of length and thickness of the electrode obtained
in the current study, the percentage of statistical error for the
circular-ring electrode was 17 per cent. Following that, these
values for the quarter-ring electrode equal to 18 per cent. The
statistical errors were reduced 14 and 54 per cent in
comparison to Xu’s study and Krabicka’s study, respectively.
Additionally, more uniform spatial sensitivity was achieved
because of the low discrepancy between correlation and mean
particle velocity in the current research work. Maximum spatial
sensitivity and minimum statistical error are two major gaps in
the all studies.

5. Conclusion

The scope of this research included different kinds of
electrostatic sensor electrodes for examining the efficiency in
velocity measurement and their potential to improve product
quality processes. Hence, different shape of electrodes, circular
and quarter ring, with different geometric sizes were considered
tomeasure the velocity in different separations, including 5, 10,
15 and 20 cm. Laboratory methods were applied, and software
was used to compare the practical and theoretical results.
MATLAB software was used to evaluate the velocity profile. In
addition, to measure velocity, the cross-correlation method was
used to examine the relationship between two signals by taking
into account the transfer time and distance between upstream
and downstream sensors. This method served as an entry point
to interface with computational modeling using a data
acquisition system to gather data from two sensors to compute
the time interval of particles transitioning between the
upstream and downstream sensors.
The major purpose of this research was justification on

optimization of electrodes for electrostatic sensors based on
sensor separations. To sum up, 15 cm was selected as the
best separation between electrodes in this research. As
shown in Tables I and II, the correlation coefficient in 15 cm

Table I Experimental results of the circular-ring electrode

No.
Electrode
type

Distance
(D, cm)

Length
(cm)

Thickness
(cm)

Correlation
coefficient

Transit
time (s)

Correlation
velocity (VC, m/s)

Signal bandwidth
(B, Hz)

Statistical error
(s (tm), %)

1 Circular ring 5.0 0.60 0.50 0.60 0.014 3.50 583 1.45� 10�3

2 Circular ring 10.0 0.60 0.50 0.54 0.028 3.62 603 1.38� 10�3

3 Circular ring 15.0 0.60 0.50 0.40 0.039 3.76 627 1.30� 10�3

4 Circular ring 20.0 0.60 0.50 0.20 0.052 3.84 641 1.25� 10�3

5 Circular ring 5.0 1.40 0.40 0.43 0.018 2.77 198 7.33� 10�3

6 Circular ring 10.0 1.40 0.40 0.39 0.031 3.23 230 5.86� 10�3

7 Circular ring 15.0 1.40 0.40 0.33 0.043 3.49 249 5.20� 10�3

8 Circular ring 20.0 1.40 0.40 0.31 0.056 3.56 254 5.05� 10�3

9 Circular ring 5.0 2.00 0.20 0.49 0.019 2.60 130 1.38� 10�2

10 Circular ring 10.0 2.00 0.20 0.43 0.031 3.22 161 1.00� 10�2

11 Circular ring 15.0 2.00 0.20 0.35 0.044 3.39 170 9.22� 10�3

12 Circular ring 20.0 2.00 0.20 0.28 0.057 3.53 177 8.68� 10�3

Table II Experimental results of the quarter-ring electrode

No.
Electrode
type

Distance
(D, cm)

Length
(cm)

Thickness
(cm)

Correlation
coefficient

Transit
time (s)

Correlation
velocity (VC, m/s)

Signal bandwidth
(B, Hz)

Statistical error
(s (tm), %)

1 Quarter ring 5.0 0.60 0.50 0.50 0.019 2.63 438 3.09� 10�3

2 Quarter ring 10.0 0.60 0.50 0.46 0.030 3.33 555 2.16� 10�3

3 Quarter ring 15.0 0.60 0.50 0.40 0.043 3.48 580 2.03� 10�3

4 Quarter ring 20.0 0.60 0.50 0.37 0.055 3.63 605 1.91� 10�3

5 Quarter ring 5.0 1.40 0.40 0.49 0.016 3.13 224 8.46� 10�3

6 Quarter ring 10.0 1.40 0.40 0.42 0.031 3.22 230 8.13� 10�3

7 Quarter ring 15.0 1.40 0.40 0.31 0.045 3.33 238 7.73� 10�3

8 Quarter ring 20.0 1.40 0.40 0.25 0.058 3.44 246 7.35� 10�3

9 Quarter ring 5.0 2.00 0.20 0.43 0.017 2.94 147 1.59� 10�2

10 Quarter ring 10.0 2.00 0.20 0.30 0.032 3.12 156 1.46� 10�2

11 Quarter ring 15.0 2.00 0.20 0.21 0.047 3.19 160 1.40� 10�2

12 Quarter ring 20.0 2.00 0.20 0.12 0.059 3.39 170 1.28� 10�2
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is more than 20 cm separation, and the statistical error is less
in comparison to 5 and 10 cm separations. Furthermore,
signal similarity in 15 cm separation is better than 5 and
10 cm separations, considering Figures 4-11. The
optimization of electrostatic sensor electrodes using the
particle swarm optimization technique has been investigated
in detail by Heydarianasl and Rahmat (Heydarianasl and
Rahmat, 2017). The optimal length and thickness of
electrode were, respectively, equal to 0.6 and 0.5 cm.
Following the reported paper, the optimal value of sensor
separation has been figured out.
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