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Abstract— Electrostatic sensor has been widely used in 
process industry in addition this sensing approach has attracted 
significant attention of flow measurement community because of 
its advantages including robustness and low costs. This paper 
focuses on the theoretical analysis of several electrostatic 
electrodes, including ring, quarter-ring, pin, and rectangular; 
after that, they are mathematically modelled and simulated by 
Mathcad software. The geometric measurements of electrodes 
are considered as important parameters, which affect the results 
of simulation. However, spatial sensitivity and statistical error 
are the sensing characteristics of electrodes, which play major 
roles in modelling these electrodes. The thickness of an electrode, 
as a parameter influencing spatial sensitivity, is investigated in 
this study. Increasing the thickness of electrode leads to increase 
both spatial sensitivity and statistical error while maximum 
spatial sensitivity and minimum statistical error are desirable 
parameters. Therefore, the best thickness value of an electrode 
must be determined to achieve the required uniform spatial 
sensitivity. Good verification between experimental tests and the 
mathematical model suggests a reasonable model of electrostatic 
sensor electrodes. 

Keywords—electrostatic sensor; pin electrode; quarter-ring 
electrode; rectangular electrode; ring electrode; spatial sensitivity 

I. INTRODUCTION  
 

Electrostatic sensors that are suitable for velocity 
measurement are a hot topic for many researchers. These 
sensors are inherently strong and less expensive than others, 
because they do not require an external signal source [1-2]. 
They generally have four types of electrodes, namely circular, 
pin, rectangular, and quarter-ring as are shown in Fig. 1. 
Circular electrodes, which provide a basis for electrostatic 
sensors and pin electrodes, play an increasingly significant 
role due to their simplicity and their ability to be easily 
mounted in pipelines, especially in harsh environments. 

Circular or ring-shaped electrodes from electrostatic 
sensors are normally embedded in pipeline walls via an 
insulator, an arrangement known as non-intrusive. In spite of 
many problems in their use, circular electrodes from 
electrostatic sensors are usually used in research [3]. Ring 
electrodes are usually in the form of a reel part that is mounted 

in line with the rest of the pipeline. The removal of a section 
of pipeline is required for insertion of the reel part.  

Despite its wide use, this kind of connection suffers from 
several problems, such as being overpriced and difficult to 
install, especially in large pipelines and inaccessible pipeline 
locations. However, circular electrodes also show weak 
signals. Moreover, Flow circumstances close to the pipeline 
centre are most sensitive to particles near to the pipeline wall. 

 
 

 

 

 

 

 

 

 
Fig.1. Different kinds of electrodes of electrostatic sensors 

 

Rod electrodes are another type of electrode that protrudes 
into a pipeline, vertical to the pipeline wall. This type of 
electrode is known as an intrusive electrode, and is much 
easier to mount, simply requiring a hole drilled into an 
appropriate unit of pipeline. These intrusive electrodes can be 
covered with a special material for use in an abrasive particle 
flow environment [4]. The rod- or pin-shaped probe has high 
sensitivity and can obtain full information on charged particle 
flow in its sensitive zone by considering the precise layout and 
installation of the probe, and the operation safety of the dense 
phase pneumatic conveying system under high pressure. Other 
electrostatic probes have also been adopted [5]. 

Quarter-ring electrodes are another type of electrostatic 
sensor. This kind of electrode is not reliable enough in an 
inhomogeneous mass flow. Consequently, of all electrode 
types, rod electrodes are most suitable because of their more 
appropriate characteristics. 
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Since early 1983, many researchers have worked on 
electrostatic sensors. From 2004 onwards, electrostatic sensors 
have been used to measure velocity, mass flow rate, and 
concentration. Electrostatic sensors for real mass flow rate 
measurement of particles conveyed in pneumatic pipelines 
have been discussed [6-7]. Then, particle mass flow rate and 
concentration measurement using electrostatic sensors were 
addressed [8]. Three years later, in 2007, finite element 
modelling of intrusive electrostatic sensors for the 
measurement of pulverised fuel flows was put forward [9]. 
Reference [10] discussed comparative studies of electrostatic 
sensors with circular and rod electrodes for the velocity 
measurement of pulverised coal and biomass fuels. 
Furthermore, Krabicka and Yan illustrated an optimised 
design of intrusive electrostatic sensors for the velocity 
measurement of pneumatically conveyed particles. Thereafter, 
an integrated instrumentation system for combustion plant 
optimisation was described [12]. 

Reference [13] discussed in more detail the issues of 
finite-element modelling, calibration, and the frequency 
characteristics of electrostatic sensors. Reference [14] studied 
a cross-correlation method, combined with an electrostatic 
sensor, to present an online method for the continuous 
measurement of particulate solid velocities in pneumatic 
pipelines. 

An electrostatic sensor was optimised by finite element 
modelling in [15]; however, Krabicka and Yan did not 
consider the spatial sensitivity and statistical errors of 
electrostatic sensors as two major parameters in the simulation 
principle of electrostatic sensors. This paper supplements and 
perfects a theory that is based on Krabicka and Yan’s 
research, as they failed to give a theoretical analysis of 
electrostatic sensors. 

Many researchers have focused on the simulation of ring 
electrodes from electrostatic sensors. However, because they 
did not consider other types of electrodes we will discuss them 
in this paper. These electrodes will then be modelled and 
simulated with Mathcad software.  

In addition, until now, although many researchers have 
worked on uniform spatial sensitivity, they have ignored the 
thickness of electrodes as an important parameter that 
influences it [16-18]. In this paper, the thickness of electrodes 
will be considered as an influential parameter. 

 

II. METHODOLOGY 
 

As mentioned in Section I, the geometry of electrodes and 
electrode sensing are two major parameters of electrostatic 
sensors that should be considered. The geometry of electrodes 
includes length, thickness, and diameter (or width), and 
electrode sensing includes spatial sensitivity and signal 
bandwidth. Signal bandwidth is inversely proportional to the 
statistical errors.  

The best values of length, thickness, and diameter should 
be calculated to maximise and achieve uniform spatial 
sensitivity. To begin with, these parameters are taken into 

account, and the electrodes are modelled. After that, the 
spatial sensitivity is simulated with Mathcad software.  

Spatial sensitivity is a main characteristic of electrostatic 
sensor electrodes. When a point charge is located in the 
sensing volume (zone), spatial sensitivity can be defined as the 
effect of induced charge on the electrode. Furthermore, in 
order to lessen the effect of flow regime, uniform spatial 
sensitivity is desirable.  

 

A. Modelling of Circular-Shaped Electrodes 
Ring-shaped electrodes, which are embedded in pipeline 

walls by means of an insulator, are normally non-intrusive.  

 

 

 

 

 

 

 
 

 

 

 

 

Fig.2. Modelling of ring-shaped electrode 

 

Although this application has been extensively researched, 
it can be an expensive option as pipe diameters are large. 
Another disadvantage of electrostatic sensor circular 
electrodes is that they are difficult to install. However, several 
benefits of circular electrodes mean that they do not restrict 
flow and there are minimal problems associated with electrode 
wear. 

Ring electrodes with large numbers of sensors are no 
longer considered favourable, and small rectangular or circular 
plate section sensors are deemed more appropriate. For a 
circular plate sensor, with a particle p, moving a charge q 
carried at a uniform velocity V, there is a constriction caused 
along a path which is perpendicular to the vertical axis of the 
electrode, as is shown in Fig. 2. 

The modelled circular electrode in Fig. 2 is based on an 
analysis of suitable equations. The induced charge Q on the 
electrode depends on the volume charge density, v, on the 
inner volume of the electrode. The following equation shows 
their relationship: 

 

                                  =
V

dVVQ                                         (1) 

 



Electrostatic theory states that the volume charge density 
on the inner volume of the electrode is the same as the electric 
flux density, D: 

                                      VD ρ=                                            (2) 
In addition, electrical field, E, is equal to: 

  
                                     ED 0ε=                                           (3) 
 
Therefore, by substituting (2) in (3) we can calculate the 
volume charge density: 

                                         Ev ⋅= 0ερ                                              (4) 
 
where 0 is the relative permittivity. Furthermore, the point 

charge q shows the electrostatic field at the point S, which is 
shown in the following equation: 
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To simplify the analysis, the electrostatic field owed to the 
point charge is estimated as the normalised electric field. 
Furthermore, the induced charge in a small volume can be 
calculated in relation to Gaussian theory and consequently: 
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The actual current output of electrodes can be calculated 

while; 

                           dt
dQ

ti =)(                                              (17) 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig.3. Spatial sensitivity of ring electrode 
 

A particular sensor output relates to numerous factors of a 
point charge conveying a particular sensor; which is often 
found simply by intended type. The particular axial place y, 
particle speed v, and geometrical measurements of electrodes 
w and l have a considerable effect on sensor output. The 
particular mathematical value pertaining to these factors is 
first recognised, and then the whole induced charge and the 
current output of the electrodes are calculated with Mathcad 
software. In general, the spatial sensitivity can be calculated 
with (18): 
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where Q and q are the induced charge and the point 

charge, respectively. Fig. 3 shows a diagram of the spatial 
sensitivity of a circular-ring electrode using a mathematical 
equation and Mathcad software.  
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B. Modelling of a Quarter-Ring Electrode 
The quarter-ring electrode can be modelled according to 

Fig. 4 and therefore equations for quarter-ring electrodes can 
be defined. Quarter-ring electrodes have equations similar to 
those of circular-ring electrodes, but with the following 
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variation:
 3

5
6

πθπ . Consequently, the induced charge can be 

calculated by (20). 

( ) ( )

( ) ( ) ( ) ( )

( ) ( )

( ) ( ) ( ) ( )

θ

π

π

θθ

θθ

θθ

θθ

π
ddu

L

L

TryyzuTryyzu

yTryzuy

TryyzuTryyzu

yTryzuy

qr
Q

−

−−+−−⋅−+−

−++−−

−

+−+−+⋅−+−

+++−−

−=
3

2

6

2

2

2
1

cos22225.02cos222

cos5.022222cos2

2
1

cos22225.02cos222

cos5.022222cos2

8

     (20) 
 
 

 

 
 
 
 

 
 
 
 
 
 
 

Fig. 4. Modelling of quarter-ring electrode 

 
The spatial sensitivity of a quarter-ring electrode can be 

calculated with (21), and is shown in Fig. 5: 
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Fig.5. Spatial sensitivity of quarter-ring electrode 

C. Modelling of a Pin Electrode 
The rod electrode is another type of electrostatic sensor, 

where the rod protrudes into the pipeline, vertical to the 
pipeline wall. It is easily installed via a hole drilled into a 
convenient section of the pipeline. Because of the abrasive 
nature of the particle ow, an intrusive rod electrode may be 
coated with a special material to improve its stability. The pin 
electrode, as modelled in Fig. 6, can be analysed as follows.  
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Fig.6. Modelling of pin electrode 

The normalised electrostatic field is expressed by: 
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Fig.7. Spatial sensitivity of pin electrode 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.8. Modelling of a rectangular electrode 
 
 

D. Modelling of a Rectangular Electrode 
The modelling of a rectangular electrode is shown in Fig. 

8. A particle that carries charge q is located in p, and is 
forecast to pass a rectangular electrode. The equations 
analysed for this electrode are as follows: 
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  Finally, the induced charge is equal to: 
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 and spatial sensitivity is calculated with (36):  
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A diagram of rectangular electrode spatial sensitivity is shown 
in Fig. 9. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.9. Spatial sensitivity of a rectangular electrode 
 

The diagrams that are shown in Figs 3, 5, 7, and 9 describe 
the spatial sensitivity of different electrodes in the various 
thicknesses, where S (T) and T denote the spatial sensitivity 
and thickness of the electrode, respectively. According to 
simulation by Mathcad software, more spatial sensitivity is 
produced by increasing the thickness of electrodes. 

Although the amount of spatial sensitivity increases with a 
thicker electrode, the uniformity of spatial sensitivity 
decreases. Therefore, the mean value of thickness is 
considered to achieve further uniform spatial sensitivity. Also, 
an excessively thick electrode is not desirable because it 
increases the statistical error and decreases the signal 
bandwidth: minimal statistical error and maximal signal 
bandwidth are required. On the other hand, the pin electrode 
has more spatial sensitivity than other electrodes, according to 
simulation results. 

III.     EXPERIMENTAL TESTS 
Several experimental tests are used to derive the induced 

charge signal and total current of various electrodes. Next, the 
relative spatial sensitivity can be measured by integrating the 
charge signal. If a unity point particle that passes through the 
pipeline is considered, the value of its carried charge or the 
precise position of the particle in the sensing zone cannot be 
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controlled precisely; therefore, calculation of spatial 
sensitivity is impractical. Hence, multi-particles are 
transferred in a pipeline and their induced charge and actual 
current are calculated. Then, the induced charge signal is used 
to estimate spatial sensitivity. In order to measure the spatial 
sensitivity at a certain position of the flow particle, a 
normalised value of mean charge level is required. 
Consequently, an electronic device was produced to rectify 
and integrate the mean charge level of conveyed particles. A 
schematic of the experimental test rig is shown in Fig. 10.  A 
sample of output signals on the electrode including induced 
charged signal and total current is depicted in Figs 11, 12 and 
13. 

The thickness of an electrode is a major parameter that 
influences the uniformity of spatial sensitivity, as given in a 
mathematical model. Fig.14 illustrates the spatial sensitivity of 
several electrodes over the thickness, which is calculated by 
integrating the induced charge signal. It is evident that the pin 
electrode has more uniform spatial sensitivity than the other 
electrodes. Comparison of experimental tests and 
mathematical models produces good verification regarding the 
effect of thickness on spatial sensitivity. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10. A schematic of the experimental test rig 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig.11. Induced charge on the electrode 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

Fig.12. Actual current signal from upstream electrode 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig.13. Actual current signal from downstream electrode 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.14. Spatial sensitivity of several electrodes 

 



IV. RESULTS AND DISCUSSION 
Modelling and simulation of different electrostatic sensor 

electrodes were taken into account in this paper. Four types of 
electrodes were modelled. A literature review showed that 
ring electrodes are employed more often than other electrodes. 
However, pin electrodes have more uniform spatial sensitivity, 
which is desirable to lessen the flow regime, the main goal of 
this study. Of all the electrodes mentioned, the pin electrode is 
preferred because it has several advantages that include ease 
of installation and low cost. 

Furthermore, the magnitude of the output signal is 
determined by spatial sensitivity; consequently, spatial 
sensitivity plays a significant role in the simulation and 
modelling of electrodes. 

    As mentioned previously, the geometric thickness of an 
electrode is important for controlling the uniformity of spatial 
sensitivity. Increasing the thickness of an electrode causes 
more uniform spatial sensitivity. Decreasing thickness, 
however, leads to non-uniform spatial sensitivity. 

      

V. CONCLUSION 
A mathematical model of different kinds of electrodes was 

established and analysed with Mathcad software. The spatial 
sensitivity of electrostatic sensor’s thickness was studied.  In 
particular, we examined the effects of the geometric size of 
electrodes, especially thickness, on the spatial sensitivity of 
electrostatic sensors. In previous models of electrostatic 
sensors, thickness was ignored to simplify the modelling 
process. As shown, thickness is an influential parameter in 
spatial sensitivity and cannot be ignored. Different kinds of 
electrodes were modelled during this research and the spatial 
sensitivity associated with them was plotted. 

The main goal of this modelling was to achieve a more 
uniform spatial sensitivity by reducing the flow regime of 
particles. Pin electrodes were identified as the best electrode. 
Because pin electrodes are intrusive, they have high spatial 
sensitivity. This was shown through modelling and 
experimental tests. 

Increasing the thickness of electrodes caused an increase in 
and created a more uniform spatial sensitivity. However, it led 
to a decrease in signal bandwidth of the electrode that 
consequently increased statistical errors. Hence, a suitable 
thickness value should be considered in order to maximise 
spatial sensitivity and minimise statistical errors.  
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