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NO TITLE AUTHOR JOURNAL FINDINGS 

 1 Comparison of the 

electric charging 

properties of particulate 

materials in gas–solids 

flows in pipelines 

D.I. Armour-

Chelu, S.R. 

Woodhead 

Journal of 

Electrostatics 56 

(2002) 87–101, 

ELSEVIER 

Purpose of the study: The charging trends of particulate materials in gas–solid 

flows in pipelines are of considerable interest to designers of such flow systems, 

particularly with regard to flow instruments based on electrostatic measurement 

principles. Such data may also be useful to other researchers in associated fields. 

The authors of this paper, therefore, set about obtaining such data empirically. 

Methodology: In order to achieve this, a small-scale test rig was designed 

incorporating a 26.5 mm bore pipeline, particulate material feeder, and electric 

charge measurement equipment. 

Results: Charging trends are reported for flow velocities in the range 16–36 m/s 

and particle concentrations in the range 5–50 mg/m-3. Aluminium hydroxide, 

aluminium oxide, sugar and pulverised the range coal samples graded to have 

particle sizes in 90–106 mm were tested. Samples of aluminium hydroxide 

graded to between 45–53 and 63–75 mm were also tested.     

Comment: Particulate materials becomes charged due to the contact with the 

inside surface of the pipeline wall. The electrostatic charge can be used to 

measure flow rate.  

2 Sensing characteristics 

of electrostatic inductive 

sensor for flow 

parameters 

measurement of 

pneumatically conveyed 

particles 

Chuanlong Xu, 

Shimin Wang,  

Guanhua Tang,  

Daoye Yang, 

Bin Zhou 

Journal of 

Electrostatics 65 

(2007) 582–592, 

ELSEVIER 

Purpose of the study: In this paper, the charge induced on the ring shaped 

sensor with different geometric sizes from a single particle having a unity charge 

was modelled mathematically. 

Methodology: From the numerical solution obtained using the finite element 

analysis software ANSYS, the spatial sensitivity of the sensor was derived. The 

effect of the geometric size of the sensor on the spatial sensitivity was also 

investigated, and its spatial filtering fundamental theory and spatial filtering 

effect were also analysed quantitatively. The temporal frequency response 

characteristics of the sensor were also derived. The experimental results on a 
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gravity-fed conveyor were presented.  

Results: The theoretical and experimental results obtained demonstrate that the 

ring-shaped sensor acts as a low-pass filter in the spatial frequency domain and 

its spatial frequency characteristics are closely related to the radial position of 

the charged particle and the axial length of the electrode. The measurement 

system, including the probe and signal conditioning circuit, acts as a band-pass 

filter, and the radial position, the axial length of the electrode, particle velocity 

and particle size have important effects on the temporal frequency 

characteristics of the measurement system. 

Comment: Different sizes of particles will induces different charge. 

3 Characterization of 

electrostatic sensors for 

flow measurement of 

particulate solids in 

square-shaped  

pneumatic conveying 

pipelines 

Lihui Peng, Yan 

Zhang, Yong 

Yan 

Sensors and Actuators 

A 141 (2008) 59–

67,ELSEVIER 

Purpose of the study: Theoretical analysis of an electrostatic sensor with square-

shaped electrodes for installation on a pneumatic conveying pipeline is reported 

in this paper. In comparison with ring-shaped ones, the square-shaped 

electrodes are more difficult to analyze because of the four sharp corners. 

Methodology: Experimental work was performed on a purpose-built particle 

flow test rig in order to verify the modeling results.  

Results: Based on a mathematical model of the electrostatic sensor, induced 

charge on the electrode and hence the induced current are derived. Sensitivity 

distribution and frequency response of the sensor are consequently identified. 

Additionally, effects of the geometric dimensions and attributes of charged 

particles on the characteristics of the sensor are investigated. Suggestions on the 

improvement of the electrostatic sensor design are also given. 

Comment: Square-shaped electrode performs almost the same as ring-shaped 

electrodes. The electrode’s axial width affects significantly the uniformity of 

the sensing field as well as the spatial filtering characteristic. 

4 Electrostatic forces and 

their effects on 

Robert Puers, 

Daniel 

Sensors and Actuators 

A 56 (1996) 203-

Purpose of the study: This paper describes the electrostatic forces developed 

between the plates of capacitive mechanical sensors built in crystalline silicon 
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capacitive mechanical 

sensors 

Lapadatu  210,ELSEVIER and their effects on the measurement and the fabrication process. Also it is 

investigated how the limits are affected when sealing down the dimensions of 

the sensors. 

Result: Finally, some solutions to avoid the negative effects of the electrostatic 

forces are proposed.  

Comment: When single capacitor is used, offset error is introduced which can 

cause collapse in the sensor if critical voltage/charge is exceeded. 

5 Design and evaluation of 

electrostatic sensors for 

the measurement of 

velocity of pneumatically 

conveyed solids 

J. Ma, Y. Yan Flow Measurement 

and Instrumentation 

11 (2000)  195–204 

Intro: Electrostatic sensing technology in combination with correlation signal 

processing offers a promising solution to the on-line continuous measurement of 

velocity of particulate solids in pneumatic pipelines.  

Purpose of the study: This paper describes the fundamental mechanism of the 

electrostatic sensing and identifies the important aspects of the design of 

constituent elements of the sensor including electrodes, amplifiers and sensing 

heads.  

Methodology: Experimental evaluation of a prototype commercial product 

called V-TESS 500 was conducted on 36 mm bore vertical and horizontal sections 

of a pneumatic conveyor circulating corn-flour and pulverised coal over a 

velocity range of 6 to 45 m/s for mass concentration of particles between 0.014 

and 5.7 kg/m. The performance of the instrument was quantified in terms of 

repeatability, linearity and response time. The uncertainty of the system was 

studied by comparing the measured solids velocity to the superficial air velocity 

in the pipeline. Effects of particles’ accretion on the inner surface of the pipe wall 

on the measurement are also included.  

Results: Results obtained demonstrate that the system is capable of providing 

solids velocity measurements with repeatability better than ±2% and response 

time less than 2.5 s. 

Comment: The conceptual model of the electrostatic sensing system is 
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explained. The size and shape of the electrodes depends on the diameter of 

the pipe and its application. The electrodes of V-TESS 500 are made of stainless 

steel with axial width of 2mm and 50mm spacing between them. 

6 Mass-flow measurement 

of solids using 

electrodynamic and 

capacitance transducers 

C G Xie, A L 

Stott, S M 

Huang, A 

Plaskowski 

 and M S Beck 

J. Phys. E: Sci. Instrum. 

22 (1989)  712-719 

Intro: Mass-flow measurement of gas-solids flow is a common requirement in 

many industrial processes. 

Purpose of the study: The objectives of the work reported in this paper were to 

design and construct a mass-flow measurement system suitable for use in the 

cyclone down-leg section of the return line of a fluidised-bed gasifier pilot plant 

at CRE, where the solids fall under gravity.  

Methodology: The problem is solved by measuring two parameters, namely the 

solids velocity and the volumetric concentration. The former is measured by 

cross correlating the electrostatic charge fluctuations generated by the conveyed 

solids, and the latter by using an inherently stray-immune capacitance 

transducer. The two measurements are then combined to give the solids mass-

flow rate. 

Results: The effects of solids flow characteristics (Reynolds number, flow regime) 

on the measurement errors of solids velocity and concentration are 

experimentally investigated. Possible measures to reduce these errors are 

discussed.   

Comment: The magnitude of the charging current depends on the physical 

properties of the particles such as their shape, size, conductivity, permittivity, 

humidity and composition as well as the pipe as on the pipe wall roughness, 

pipe diameter and pipe length. The electrodes are placed near the region of 

maximum flow because the electrodes are sensitive mainly to the charged 

solids flowing near to the pipe wall.   

7 Velocity measurement 

of pneumatically 

Y Yant, B 

Byrnet , S 

Meas. Sci.Techno. 6 

(1995) 515-537 

Purpose of the study: Theoretical and experimental studies of cross correlation 

techniques applied to non-restrictive velocity measurement of pneumatically 
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conveyed solids using 

electrodynamic sensors 

Woodhead and 

J Coulthard 

conveyed solids using ring shaped electrodynamic flow sensors are presented. 

In-depth studies of the electrodynamic sensing mechanism, and also of the 

spatial sensitivity and spatial filtering propeties of the sensor are included, 

together with their relationships to measurement accuracy and the effects of 

solids’ velocity profiles.  

Methodology: The experimental evaluation of a 53 mm bore sensing head is 

described, including trials using a calibrated pneumatic conveyor circulating 

pulverized fuel and cement. Comparisons of test results with the mathematical 

models of the sensor are used to identify important aspects of the instrument 

design. OH-line test results obtained using gravity-fed solids flow show that the 

system repeatability is within  +-0.5% over the velocity range of 2-4 m/s for 

volumetric concentrations of solids no greater than 0.2%.  

Results: Results obtained in the pilot-plant trials demonstrate that the system is 

capable of achieving repeatability better than +-2% and linearity within  12% 

over the velocity range 20-40 m/s for volumetric concentrations of solids in the 

range 0.01-0.44%. 

Comment: The sensor output depends on the axial position of the charged 

particles (spatial senstivity).  

 

     

8 Process tomography 

applied to multi- phase 

flow measurement 

T Dyakowski Meas. Sci. Technol. 7 

(1996) 343–353. 

Purpose of the study: This paper presents the state of the art in measuring 

multi-phase flows by using tomographic techniques.  

Methodology: This is illustrated by examples of the application of various 

tomographic sensors to the measurement of geometric or kinematic parameters 

of multi-phase flows. An application of process tomography for the validation of 

computational fluid dynamic models and the possibility of constructing a 
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flowmeter for multi-phase flow are addressed. 

Results: The results presented show a wide range of industrial applications of 

process tomography from the nuclear and chemical to the food industry.  

Comment: Process tomography can be used to model very complex multiphase 

flow. 

9 Velocity measurement 

of pneumatically 

conveyed solid particles 

using an electrostatic 

sensor 

C Xu, B Zhou, D 

Yang, G Tang 

and S Wang 

Meas. Sci. Technol. 19 

(2008) 024005 (9pp) 

Purpose of the study: The paper proposes a method to measure the mean 

velocity of solid particles based on the spatial filtering effect of the electrostatic 

sensor.  

Methodology: To determine the relationship between the spatial frequency 

characteristics of the sensor and solid particle velocity, a general formula is 

derived by analyzing quantitatively the spatial filtering characteristics of the 

electrostatic sensor along with the accepted assumptions. The effects of the 

geometric parameters of the sensor, particle velocity distribution, particle 

concentration distribution over the cross-section of a pneumatic pipeline, 

particle size, particle material type and frequency resolution on particle velocity 

measurement accuracy are also discussed in detail. Experiments are performed 

on a bench-scale gravity-fed particle flow experimental rig to test the 

performance of the velocity measurement system. 

Result: The off-line experimental results show that the system repeatability is 

within ±5% over the velocity range of 2–6 m s−1 for concentrations of solid 

particles in the range of 0.5–6.0%. 

Comment: Spatial filtering effect is when charged particles move along the 

pipeline and passed an electrostatic sensor, the electrostatic flow noise they 

produced will be averaged with the defined spatial weight function in the 

sensing zone of the sensor. 

10 The spatial filtering 

method for solid particle 

Chuanlong Xu, 

Guanghua 

Meas. Sci. Technol. 20 Purpose of the study: The spatial filtering method for particle velocity 

measurement has the advantages of simplicity of the measurement system and 
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velocity measurement 

based on an electrostatic 

sensor 

Tang, Bin Zhou 

and Shimin 

Wang  

(2009) 045404 (8pp) convenience of data processing.  

Methodology: In this paper, the relationship between solid particles mean 

velocity in a pneumatic pipeline and the power spectrum of the output signal of 

an electrostatic sensor was mathematically modeled. The effects of the length of 

the sensor, the thickness of the dielectric pipe and its length on the spatial 

filtering characteristics of the sensor were also investigated using the finite 

element method. As for the roughness of and the difficult determination of the 

peak frequency of the power spectrum characteristics of the output signal of the 

sensor, a wavelet analysis based filtering method was applied to smooth the 

curve, which can accurately determine the peak frequency. Finally, experiments 

were performed on a pilot dense phase pneumatic conveying rig at high pressure 

to test the performance of the velocity measurement system. 

Results: The experimental results show that the system repeatability is within 

±4% over a gas superficial velocity range of 8.63–18.62ms−1 for a particle 

concentration range of 0.067–0.130 m3. 

Comment: Detailed mathematical equation of the sensor design is presented. 

The shape of the sensor used is ring shaped. Spatial filtering method is used for 

measurement of the velocity.       

  

11 Process Tomography 

System by Electrostatic 

Charge Carried by 

Particles 

Masashi 

Machida and 

Brian Scarlett 

IEEE SENSORS 

JOURNAL, VOL. 5, NO. 

2, APRIL 2005 

Purpose of the study: Two methods, the back-projection (BP) method and the 

least-squares (LS) method, were applied to the electrodynamic tomography 

system. 

Methodology:  Electrostatic charges were assumed to exist in the sensing zone, 

and their images were reconstructed using these methods. The reconstructed 

images were compared with the original ones. The BP method is accurate in 

detecting the position of the electrostatic charge and is capable of detecting the 

size of the object. The BP method could not distinguish two charges at separate 

points in the sensing zone. The LS method could differentiate two points of 
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charge, but the reconstructed images were of poor quality due to the large pixel 

size.  

Results: A reconstruction algorithm combining the two methods produced 

better results. 

Comment:  Electrodynamic sensor is passive. They did not require any 

excitation circuit. The electrodynamic sensor’s signal is produced by electrical 

charge of the particle. The results show that the sensing zone of the 

electrodynamic sensor is between 2.5 to 3.0 times the diameter of the pipe and 

the electrical flux did not reach the sensor outside from this region. 

12 Mass Flow 

Measurement of Fine 

Particles in a Pneumatic 

Suspension Using 

Electrostatic Sensing and 

Neural Network 

Techniques 

Lijun Xul, 

Robert M. 

Carter and 

Yong Yan 

IMTC 2005 - 

Instrumentation and 

Measurement 

Technology 

Conference Ottawa, 

Ontario, Canada, 17 -

19 May 2005 

Purpose of the study: In this paper a novel approach is presented to the 

measurement of velocity and mass flow rate of pneumatically conveyed fine 

particles using electrostatic sensing and neural network techniques.  

Methodology: A single ring-shaped electrostatic sensor is used to obtain a signal 

from which the two crucial parameters, velocity and mass flow rate of particles, 

may be derived for the purpose of monitoring and control. 

Results: It is found that the quantified characteristics of the signal are related to 

the velocity and mass flow rate of particles. The relationships between the signal 

characteristics and the two measurands are established through the use of a 

back-propagation (BP) neural network.  

Findings: Results obtained on a laboratory test rig suggest that an electrostatic 

sensor in conjunction with a trained neural network may provide a simple, 

practical solution to the long standing industrial measurement problem.  

Comment: A novel approach to particle flow measurement has been studied 

using a single, ring-shaped, electrostatic sensor and a PCA (Principal 

Component Analysis) preceded neural network.  

13 Finite-Element Modeling Jan Krabicka IEEE TRANSACTIONS Intro: Electrostatic sensors are used in certain industries for the flow 
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of Electrostatic Sensors 

for the Flow 

Measurement of 

Particles in Pneumatic 

Pipelines 

and Yong Yan ON 

INSTRUMENTATION 

AND MEASUREMENT, 

VOL. 58, NO. 8, 

AUGUST 2009  

measurement of pneumatically conveyed solids. However, despite various 

advances that have been made in recent years,relatively little information is 

known about the exact nature of the electrostatic charge induced onto the 

sensor electrode due to moving particles, which is dependent on electrode 

geometry, particle distribution, and particle velocity. 

Purpose of the study: This paper presents a novel approach to the study of the 

charge induced onto electrostatic sensors based on fitting a Lorentzian curve to 

the results of a finite-element model of the electrostatic sensor and pipeline. 

Methodology: The modeling method is validated by comparing the modeling 

results of a nonintrusive circular electrode with an established analytical 

solution. 

Results: The modeling results are used for in-depth analysis and informed design 

of a particular sensor configuration. 

Comment: Particle velocity is commonly derived using cross-correlation 
methods, whereas the mass flow rate of particles is determined by combining 
the particle velocity and the volumetric concentration, which is inferred from 
the magnitude of the induced signal. Electrostatic sensors do not require an 
external signal source, making them robust and inexpensive. Usually, non- 
intrusive ring shaped sensor is used. However, they usually take the form of 
spool piece installed in line with the pipeline. Therefore it is expensive and 
more difficult to be installed. On the other hand, rod type electrodes can be 
used which only requires a hole to be drilled into the pipe. 
 

14 Optimised Design of 

Intrusive Electrostatic 

Sensors for the Velocity 

Measurement of 

Pneumatically Conveyed 

Particles 

Jan Krabicka , 

Yong Yan  

I2MTC 2009 – 

International 

Instrumentation and 

Measurement 

Technology 

Conference 

Intro: This paper reports recent advances in the optimisation of intrusive 

electrostatic sensors for the continuous velocity measurement of particles in 

pneumatic conveying pipelines. 

Purpose of the study: The effects of electrode dimensions and intrusion depth 

on sensor signals and correlation based velocity measurement have been 
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Singapore, 5-7 May 

2009 

investigated.  

Methodology: Different cross sectional shapes of the electrodes have been 

compared.  

Results: The optimum intrusion depth for a velocity measurement closest to the 

true mean velocity in a pipeline with a given velocity profile is established. 

Comment: Different shapes and sizes of electrodes is tested. For practical 

reasons, round cross sectional area rod is the best. Electrodes with intrusion 

depths of 0.40 diameter is recommended. The measured correlation velocity is 

scaled down to 1.71% to obtain a velocity very close to the true mean particle 

velocity in the pipeline.   

15 Velocity Measurement 

of Pneumatically 

Conveyed Particles Using 

Intrusive Electrostatic 

Sensors 

Jiaqing Shao, 

Jan Krabicka, 

and Yong Yan 

IEEE TRANSACTIONS 

ON 

INSTRUMENTATION 

AND MEASUREMENT, 

VOL. 59, NO. 5, MAY 

2010 

Intro: This paper reports recent developments of electrostatic sensors for the 

continuous velocity measurement of particles in pneumatic conveying pipelines.  

Purpose of the study: The optimization of intrusive electrostatic sensors is 

investigated through finite-element modelling and experimental evaluation. The 

effects of electrode dimensions and intrusion depth on sensor signals and 

correlation-based velocity measurement are addressed. The modeling results 

were validated for a range of velocity profiles using a dedicated belt rig, which 

produces idealized particle flow.  

Methodology: A series of online experimental tests using circular and rod 

electrodes was conducted on an industrial-scale pneumatic conveyor injecting 

pulverized coal and biomass particles. 

Result: The results demonstrate that electrostatic sensors are capable of 

providing reliable velocity measurement of pneumatically conveyed particles 

with excellent repeatability and fast dynamic response in an industrial 

environment. 

Comment: Rod electrode is easier to be installed than circular electrode. 
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Intrusive electrode protrudes into the pipe making it easier to sample the flow 

condition along the cross section of the pipeline. In theory, intrusive electrode 

will cause disturbance to the flow itself. However in practical, the electrodes 

only occupy a small fraction of the pipeline, so the disturbance to the flow is 

negligible. 

16 Measurement of Particle 

Size Using Electrostatic 

Sensors 

Fahisal 

Abdullah, 

Mohd Fua'ad 

Rahmat 

International 

Conference on 

Electrical, Control and 

Computer Engineering 

Pahang, Malaysia, 

June 21-22, 2011 

Purpose of the study: This paper discusses the design and evaluation of a new 

electrostatic sensor for the measurement of the mass median size of particles in 

a pipeline system. The introduction includes an explanation of several different 

shapes of an electrode, with the phenomena of particles moving in a pipeline 

that carries a charge outlined. The elements of a sensor, including the signal 

conditioning electronic is described.  

Methodology: The performances of the electrode are compared in terms of the 

efficiency and accuracy of waveforms by converting the time domain signal into 

the frequency domain for analysis. The measurements of particle sizes are 

obtained by using proven offline specific equipment for measuring particle size. 

Comparisons are made with online values for particle sizes by using the equation 

of mass median particle size that has been described.  Finally, the experiment 

results obtained by using measurements of particle size through the offline and 

vice versa methods are analyses by comparing the performances of design based 

on both methods. 

Results: The results show that the electrode with full ring produces a better 

result. 

Comment: Offline method is by using manual measurement such as by using a 

caliper. Online method is by using sensors 

17 Rectangular Electrode 

Characteristic in 

Electrodynamic Solid 

M. R. Ghazali, 

W. I. Ibrahim, 

S. Abd Ghani, 

2011 International 

Conference on 

Electronic Devices, 

Systems and 

Intro: Electrodynamic sensor was used in process industry because of lower price 

and robust designed. It is also used to increase the efficiency of energy and raw 

materials usage and to improve product quality and process efficiency. Three 

types of electrode are available in particular application such as pin shape, 
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Particle Measurement. M. F. Rahmat Applications 

 (ICEDSA) 

quarter ring shape and ring shape.  

Purpose of the study: This paper focused on the investigation of the pin shape 

structure and the characteristic of the rectangular shape by using different 

structure sizes of various lengths and with fixed width. 

Methodology: Non-instrusive method was applied to the design of rectangular 

electrode. The characteristic based on sensitivity of electrode and the spatial 

filtering effect of sensor will be investigated by using different size of electrodes. 

Results: Then, the model will be proposed and compared with experimental 

result. 

Comment: Different length of electrode (20mm to 300mm) but fixed width 

(10mm). For higher sensitivity, use higher length.  

 

 

18 Spatial Selectivity of 

Linear Electrostatic 

Sensor Arrays for 

Particle Velocity 

Measurement 

Chuanlong Xu, 

Shimin Wang, 

and Yong Yan 

IEEE TRANSACTIONS 

ON 

INSTRUMENTATION 

AND  MEASUREMENT, 

VOL. 62,  NO. 1, 

JANUARY 2013 

Intro: The signal quality and accuracy of the spatial filtering method for solid 

particle velocity measurement based on a linear electrostatic sensor array (LESA) 

are dependent on the spatial filtering characteristics of the LESA and particle 

distribution in a pneumatic conveying pipeline.  

Purpose of the study: In this paper, the charge induced on a circular LESA with 

different geometric sizes from a single particle having a unity charge is 

mathematically modeled. Furthermore, a dimensionless computation model of 

the sensitivity of the LESA is suggested based on a fitted cosine function to the 

finite-element calculation results of the mathematical model, and the spatial 

filtering characteristics and spatial selectivity of the LESA are quantitatively 

investigated based on the computation model. 

Methodology: Experimental work was performed on a purpose-built particle 

flow test rig to verify the dimensionless computation model and the modeling 
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results. 

Results: Results obtained reveal that the LESA acts as a narrow-bandpass filter in 

the temporal and spatial frequency domains, and its spatial selectivity is closely 

related to the number, spacing, and width of the electrode. These results 

provide an important basis for the performance improvement and optimized 

design of the LESA for particle velocity measurement. 

Comment: It is suggested that, for optimized design of the LESA, the electrode 
number should be between 4 and 10, the electrode spacing to electrode width 
ratio between 7 and 10, and the ratio of the electrode width to the pipe radius 
in the range of 0.1–0.2. 
 
 
 

19 Sensitivity 

Characteristics of 

Electrostatic Sensor 

Using Finite Element 

Modeling  

 

Teimour 

Tajdari, Mohd 

Fua’ad bin 

Rahmat  and 

Iliya Tizhe 

Thuku 

2012 IEEE 

International 

Conference on 

Control System, 

Computing and 

Engineering, 23 - 25 

Nov. 2012, Penang, 

Malaysia 

Intro: Electrostatic sensor detects the electric charge carried by dry particle in a 

pneumatic conveyor. Sensitivity characteristics of the Electrostatic sensor play an 

important role to design a flow measurement system.  

Purpose of the study: In this study, the sensitivity features of the ring shape 

electrodes are simulated to find the effect of electrode geometry on sensor 

sensitivity.  

Methodology: Ansys Maxwell 14.0 is utilized as an electric field simulator to 

measure the amount of induced electrical charge from a particle to the sensor 

electrode in a 3D environment using finite-element analysis.  

Results: The results precisely show the sensitivity characteristics between 

electrodes with different thickness, axial length and diameter.  

Comment: The sensor geometry affects the sensor’s sensitivity. Thicker 

electrode have higher sensitivity. However the differences is too small and can 

be neglected. Electrodes with higher axial length have higher sensitivity. In 

radial axis, smaller diameter electrode have higher sensitivity but when 
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particle is tangent to the pipe wall almost all electrodes have the same 

sensitivity.   

20 2-D finite-element 

modeling of electrostatic 

sensor for tomography 

system   

Iliya Tizhe 

Thuku, Mohd 

Fua’ad 

Rahmat, 

Norhaliza 

Abdul Wahab 

and Teimour 

Tajdari 

Sensor Review, Vol. 

33 Iss 2 pp. 104 - 113 

Purpose of the study: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. 

Methodology: 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. 

Results:  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. Tomographic 

imaging using finite element method is found to be more accurate and reliable 

compared to linear and filtered back projection method.  

Comment: Tomography imaging of the system.   

21 Image Reconstruction 

Algorithm for Electrical 

Charge Tomography 

M.F. Rahmat, 

M.D. Isa, K. 

Jusoff, T.A. 

American Journal of 

Applied Sciences 7 (9): 

Intro: Many problems in scientific computing can be formulated as inverse 

problem. A vast majority of these problems are ill-posed problems. In Electrical 

Charge Tomography (EChT), normally the sensitivity matrix generated from 
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System Hussin,  S.Md. 

Rozali 

1254-1263, 2010 forward modeling is very ill-condition. This condition posts difficulties to the 

inverse problem solution especially in the accuracy and stability of the image 

being reconstructed. Purpose of the study: The objective of this study is to 

reconstruct the image cross-section of the material in pipeline gravity dropped 

mode conveyor as well to solve the ill-condition of matrix sensitivity.  

Methodology: Least Square with Regularization (LSR) method had been 

introduced to reconstruct the image and the electrodynamics sensor was used to 

capture the data that installed around the pipe.  

Results: The images were validated using digital imaging technique and Singular 

Value Decomposition (SVD) method. The results showed that image 

reconstructed by this method produces a good promise in terms of accuracy and 

stability. 

Conclusion: This implied that LSR method provides good and promising result in 

terms of accuracy and stability of the image being reconstructed. As a result, an 

efficient method for electrical charge tomography image reconstruction has 

been introduced. 

Comment: Tomography imaging of the system. 

22 Design and evaluation of 

electrostatic sensors for 

the measurement of 

velocity of pneumatically 

conveyed solids 

J. Ma, Y. Yan Flow Measurement 

and Instrumentation 

11 (2000) 195–204 

Intro: Electrostatic sensing technology in combination with correlation signal 

processing offers a promising solution to the on-line continuous measurement of 

velocity of particulate solids in pneumatic pipelines. 

Purpose of the study: This paper describes the fundamental mechanism of the 

electrostatic sensing and identifies the important aspects of the design of 

constituent elements of the sensor including electrodes, amplifiers and sensing 

heads.  

Methodology: Experimental evaluation of a prototype commercial product 

called V-TESS 500 was conducted on 36 mm bore vertical and horizontal sections 

of a pneumatic conveyor circulating corn-flour and pulverised coal over a 
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velocity range of 6 to 45 m/s for mass concentration of particles between 0.014 

and 5.7 kg/m. The performance of the instrument was quantified in terms of 

repeatability, linearity and response time. The uncertainty of the system was 

studied by comparing the measured solids velocity to the superficial air velocity 

in the pipeline. Effects of particles’ accretion on the inner surface of the pipe wall 

on the measurement are also included.  

Results: Results obtained demonstrate that the system is capable of providing 

solids velocity measurements with repeatability better than ±2% and response 

time less than 2.5 s. 

 

Comment: The shape and the axial dimension of the electrode are 
two crucial factors affecting the fundamental sensing 
characteristics of the sensor 

23 An electrodynamic 

sensor for electrostatic 

charge measurement 

M. F. Rahmat 

and  N.S. 

Kamaruddin   

INTERNATIONAL 

JOURNAL ON SMART 

SENSING AND 

INTELLIGENT 

SYSTEMS, VOL. 2, NO. 

2, JUNE 2009 

Intro: Electrodynamic sensors are used in the process industry because they are 

low cost and robust.  Though frequently used very little fundamental work on 

them has been reported.  

Purpose of the study: This paper describes an investigation into characteristics 

of hemispherically and rectangularly shaped sensors.  

Methodology: Two parameters are investigated, the effect of sensor area on 

sensitivity and the spatial filtering effect of the sensor due to its finite size.  

Results: Models are proposed and results obtained using them compared with 

experimental values. 

Comment: Linear relationship exist between circular or hemispherical size 
electrode and sensor sensitivity but a nonlinear relationship exist between 
rectangular size electrode and sensor sensitivity. 
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24 On-line continuous 

measurement of particle 

size using electrostatic 

sensors 

Jian Qiu Zhang, 

Yong Yan 

Powder Technology 

135– 136 (2003) 164– 

168 

Intro: The development of a reliable, cost-effective instrument for on-line 

particle sizing remains a challenging area worldwide. 

Purpose of the study: This paper presents the design and evaluation of a new 

electrostatic sensor combined with a novel digital signal processing algorithm for 

the on-line continuous measurement of the mass median size of particles in a 

dilute-phase pneumatic suspension. Key design aspects of the constituent 

elements of the sensor, including a wire-mesh electrode, signal conditioning 

electronics and digital signal processing algorithm are described. 

Methodology: Experimental results obtained using a typical range of particulate 

materials.  

Results: under constant mass flow conditions, the processed output of the 

sensor is capable of indicating the mass median particle size with a relative error 

no greater than 15%. A critical appraisal of the technique, including advantages 

and limitations, is also included. 

Comment: It uses wire-mesh electrode. 

25 On-line measurement of 

particle size distribution 

and mass flow rate of 

particles in a pneumatic 

suspension using 

combined imaging and 

electrostatic sensors 

Robert M. 

Carter ,Yong 

Yan, Stuart D. 

Cameron 

Flow Measurement 

and Instrumentation 

16 (2005) 309–314 

Purpose of the study: This paper presents a novel instrumentation system that 

uses a combination of electrostatic and digital imaging sensors.  

Methodology: An inferential approach is adopted for the mass flow 

measurement of particles, velocity and volumetric concentration of particles 

being measured independently. The velocity of particles is determined by cross 

correlating two signals derived from a pair of electrostatic sensors and the 

volumetric concentration of particles is obtained using a novel digital imaging 

sensor, which also provides particle size distribution data. 

Results: The basic principles and limits of operation of the imaging sensor are 

discussed and explained. Results obtained from a pneumatic conveyor are 

presented which demonstrate good performance of the measurement system 

for both mass flow metering (accurate to about ±6%) and particle sizing (reliable 
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to around ±2.5%). Particle size distribution results are also included and the 

insensitivity of particle sizing to changes in velocity and concentration is 

assessed. In addition, on-line sizing results are compared to off-line results, 

measured using an accepted laser diffraction based instrument, and good 

agreement is observed. In general, the results obtained are encouraging and the 

system shows great promise.  

Comment: Electrostatic sensor is combines with imaging to get the best 

measurement of velocity, volumetric concentration and mass flow rate. 

   

26 Sensing characteristics 

of  electrostatic 

inductive sensor for flow 

parameters 

measurement of 

pneumatically conveyed 

particles 

Chuanlong Xu , 

Shimin Wang, 

Guanhua  

Tang, Daoye 

Yang, Bin Zhou 

Journal of 

Electrostatics 65  

(2007) 582–592 

Intro: The spatial sensitivity, spatial filtering effect, temporal frequency response 

characteristics and bandwidth are important parameters influencing the 

accuracy and response speed of a ring-shaped electrostatic inductive sensor.  

Purpose of the study: In this paper, the charge induced on the ring shaped 

sensor with different geometric sizes from a single particle having a unity charge 

was modelled mathematically.  

Methodology: And from the numerical solution obtained using the finite 

element analysis software ANSYS, the spatial sensitivity of the sensor was 

derived. The effect of the geometric size of the sensor on the spatial sensitivity 

was also investigated, and its spatial filtering fundamental theory and spatial 

filtering effect were also analyzed quantitatively. The temporal frequency 

response characteristics of the sensor were also derived. The experimental 

results on a gravity-fed conveyor were presented. 

Results: The theoretical and experimental results obtained demonstrate that the 

ring-shaped sensor acts as a low-pass filter in the spatial frequency domain and 

its spatial frequency characteristics are closely related to the radial position of 

the charged particle and the axial length of the electrode. The measurement 

system, including the probe and signal conditioning circuit, acts as a band-pass 

filter, and the radial position, the axial length of the electrode, particle velocity 



 
 

19 
 

and particle size have important effects on the temporal frequency 

characteristics of the measurement system. 

Comment: Effects of radial position, axial length of the electrode, particle 

velocity and particle size are thoroughly discussed.  

27 Electrodynamics Sensor 

for the Image  

Reconstruction Process 

in an Electrical Charge 

Tomography System   

Mohd Fua’ad 

Rahmat Mohd 

Daud Isa, 

Ruzairi Abdul 

Rahim ,Tengku 

Ahmad Raja 

Hussin 

Sensors 2009, 9, 

10291-10308 

Intro:Electrical charge tomography (EChT) is a non-invasive imaging technique 

that is aimed to reconstruct the image of materials being conveyed based on 

data measured by an electrodynamics sensor installed around the pipe. Image 

reconstruction in electrical charge tomography is vital and has not been widely 

studied before. Three methods have been introduced before, namely the linear 

back projection method, the filtered back projection method and the least 

square method. These methods normally face ill-posed problems and their 

solutions are unstable and inaccurate. In order to ensure the stability and 

accuracy, a special solution should be applied to obtain a meaningful image 

reconstruction result.Purpose of the study: In this paper, a new image 

reconstruction method – Least squareswith regularization (LSR) will be 

introduced to reconstruct the image of material in a gravity mode conveyor 

pipeline for electrical charge tomography. 

Methodology: Numerical analysis results based on simulation data indicated that 

this algorithm efficiently overcomes the numerical instability. 

Results: The results show that the accuracy of the reconstruction images 

obtained using the proposed algorithm was enhanced and similar to the image 

captured by a CCD Camera. As a result, an efficient method for electrical charge 

tomography image reconstruction has been introduced.  

Comment: Tomography imaging for the system is improved.  

28 The electrostatic 

charging trends and   

signal frequency analysis 

Armour-Chulu, 

S.R. 

Woodhead,  

Powder Technology 

96 (1998 ) 181-189 

Intro: The charging of particulate materials due to contact with the inside 

surface of a pipeline wall (triboelectrification) during pneumatic conveying is 

common in bulk solids handling equipment. Electrostatic discharge from 
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of a particulate material 

during pneumatic 

conveying 

R.N. Barnes particulate materials in a transport line can lead to fire and explosion hazards. 

Conversely, the phenomenon of electrostatic charge can be utilized to measure 

particle flow. At present there is only a very limited amount of experimental data 

available to describe the triboelectric charging properties of particulate materials 

under known flow conditions. 

Purpose of the study: This paper reports work undertaken to investigate the 

electrostatic charging properties of olivine sand.  

Methodology: A purpose-built rig has been developed to observe such charging 

tendencies for a range of suspension densities, conveying velocities and test 

materials. Tests involved the indirect observation and recording of charge on the 

particles at specific locations within the test pipeline. 

Results: It has been shown in this paper that the charging trends of a particulate 

material can be inferred using the electrostatic measurement technique 

described. 

Comment:  Electrostatic charging properties of olivine sand is described 

29 Process tomography: a 

European innovation 

and its applications 

M S Beck, R A 

Williams 

Meas. Sci. Technol. 7 

(1996) 215–224. 

Purpose of the study: To discuss about process tomography and its application. 

Methodology: Recent developments in the design and application of 

tomographic sensors for measurements in industrial processes are reviewed. The 

principal sensing methods and their relative performance are summarized. 

Industrial scale applications, future prospects and limitations of the technology 

are discussed. 

Comment: Process tomography and its application is discussed. 

30 Mass flow measurement 

of bulk solids in 

pneumatic pipelines 

Yong Yan Meas. Sci. Technol. 7 

(1996)   1687–1706. 

Intro: Many types of techniques for metering the mass flow rate of bulk solids in 

a pneumatic pipeline have been proposed and developed during the past 20 

years.  

Purpose of the study: This paper presents a detailed and comprehensive review 
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of the techniques and the current state of knowledge and experience. 

Methodology: The techniques are classified under three main categories: direct 

measurement of solids mass flow rates, measurement of volumetric 

concentrations of solids and measurement of solids velocity. 

Results: Future developments and possible trends in this field are also included.  

Comment: Inhomogenous solid distribution, irregular velocity profiles, variable 

particle size and moisture content are the four main variables that will affects 

mass flow measurement. 

31 Concentration profiles of 

dry powders in a gravity 

conveyor using an 

electrodynamic 

tomography system 

R G Green, M F 

Rahmat, K 

Evans, A 

Goude, M 

Henry and J A 

R Stone 

Meas. Sci. Technol. 8 

(1997) 192–197. 

Purpose of the study: This paper presents results for a tomographic system 

using an array of electrodynamic sensors.  

Methodology: Sensitivity maps are derived for the individual sensors and then 

used by a back-projection algorithm to calculate concentration profiles from 

measured sensor values. Limitations in linearity over the sensing area are 

reduced by applying a filter to the images. The filtered back-projection algorithm 

is tested both on uniformly and on artificially produced non-uniformly 

distributed solid’s flows. 

Results: The tomographic system is presented. 

Comment: Tomography imaging of the system is improved. 

32 Velocity and mass flow 

rate profiles of dry 

powders in a gravity 

drop conveyor using an 

electrodynamic 

tomography system 

R G Green, M F 

Rahmat, K 

Dutton, K 

Evans, A 

Goude and M 

Henry 

Meas. Sci. Technol. 8 

(1997) 429–436. 

Purpose of the study: This paper describes measurements made on a gravity 

drop conveyor using two arrays of axially spaced electrodynamic sensors to 

measure axial velocities close to the wall of the conveyor and velocity profiles 

both of flowing sand and of plastic beads. The level of correlation obtained using 

pixels is investigated. 

Methodology: The velocity profile is combined with a tomographic 

concentration profile to estimate the mass flow profile, which is summed over 
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the measurement cross section to estimate the mass flow rate. 

Result: A calibration of the tomographically determined mass flow rate versus 

the actual mass flow rate is presented. 

Comment: Tomography imaging of the system is improved. 

33 Measurement of 

particulate velocity 

under stack-flow 

conditions 

Y Yan and J Ma Meas. Sci. Technol. 11 

(2000) 59–65. 

Intro:Electrostatic sensing technology in combination with cross-correlation 

signal processing techniques offers a promising and cost effective solution to the 

on-line continuous velocity measurement of particles in a stack. 

Purpose of the study: This paper presents the principle, design and evaluation of 

a novel instrumentation system, called ‘StackFlow 2000’, which has recently 

been developed for the velocity measurement of particles in a stack.  

Methodology: Experiments with aloxite, building plaster and icing sugar as test 

materials were conducted on a 300 mm bore stack-flow test facility over a 

velocity range of 2.5 to 22 m s−1 concentrations of between 0.1 and 10 mg m−3 

for particle-mass. The performance of the system was quantified in terms of 

repeatability, linearity, response time and the lower limit of mass concentration. 

The accuracy of the system was studied by comparing the measured particle 

velocity to the air velocity in the duct. Effects of sensor contamination on the 

measurement and the suitability of the system for a wider range of stack sizes 

are also included. 

Results: Results obtained from the test facility have demonstrated that the 

system is capable of providing highly repeatable velocity readings with 

nonlinearity no greater than 1%, and a response time of less than 1 s. 

Comment: Stack Flow 200 uses two axially spaced metal rods as the sensing 
element. The two rods derive an electrostatic signals from the fluctuations in 
electric field caused by the passage of the charged particles. Since the 
dimension of the rods in the flow direction is much smaller than the size of the 
duct, direct charge transfer due to impacts between the charged particles and 
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the rods is negligible, and consequently, the wear experienced by the rods in 
the duct is insignificant. 
 
 

34 Nonlinear image 

reconstruction for 

electrical capacitance 

tomography using 

experimental data 

Manuchehr 

Soleimani 

William R B 

Lionheart 

Meas. Sci. Technol. 16 

(2005) 1987–1996 

Intro: Electrical capacitance tomography (ECT) attempts to image the 

permittivity distribution of an object by measuring the electrical capacitances 

between sets of electrodes placed around its periphery. Image reconstruction in 

ECT is a nonlinear and ill-posed inverse problem. Although reconstruction 

techniques based on a linear approximation are fast, they are not adequate for 

all cases.  

Purpose of the study: In this paper, we study the nonlinearity of the inverse 

permittivity problem of ECT. 

Methodology: A regularized Gauss–Newton scheme has been implemented for 

nonlinear image reconstruction. The forward problem has been solved at each 

iteration using the finite element method and the Jacobian matrix is recalculated 

using an efficient adjoint field method. Regularization techniques are required to 

overcome the ill-posedness: smooth generalized Tikhonov regularization for the 

smoothly varying case, and total variation (TV) regularization when there is a 

sharp transition of the permittivity have been used. 

Results: The reconstruction results for experimental ECT data demonstrate the 

advantage of TV regularization for jump changes, and show improvement of the 

image quality by using nonlinear reconstruction methods. 

Comment: The tomography imaging of the system is improved. 

35 Validation Process for 

Electrical  Charge 

Tomography System 

Using Digital Imaging 

Mohd Daud 

Isa, Mohd 

Fua’ad 

Rahmat, 

Kamaruzaman 

Applied Physics 

Research, Vol. 1, No. 2 

,pg 11-18 

Intro: Electrical charge tomography (EChT) is a non-invasive imaging technique 

that is aimed to reconstruct the image of material being conveyed based on data 

measured by electrodynamics sensor installed around the pipe. The method to 

ensure the stability and accuracy of the image reconstruction should be applied 



 
 

24 
 

Technique Jusoff, Tengku 

Ahmad Raja 

Hussin 

to obtain a meaningful image reconstruction results. 

Purpose of the study: In this paper, Least square with regularization (LSR) 

method was introduced to reconstruct the cross-section image of material in 

gravity mode conveyor pipeline. Numerical analysis result based on data 

measured by sensor indicates that the algorithm is efficient to overcome the 

numerical instability. Instead of image reconstruction process, validation of the 

images is very important. It would be parts of verification process to the new 

image reconstruction method. 

Methodology: In this system, digital imaging technique was used to interrogate 

the flow in pipeline around sensing area using CCD camera. It was found out that 

there is a good match between LSR method of image reconstruction and image 

capture by CCD camera due to the similarity of both images. 

Results: This study implies that LSR method produced images that are stable and 

accurate as well as applicable for industrial use. It is suggested that another 

validation process should be conducted using duty ratio, signal to noise ration 

and structure correlation to validate the quality of image produced by LSR 

method. 

Comment: The tomography imaging of the system is improved. 

36 Effects of electrostatic 

forces generated by the 

driving signal on 

capacitive sensing 

devices  

Minhang Bao, 

Heng Yang, 

Hao Yin, 

Shaoqun Shen 

Sensors and Actuators 

84 2000 213–219 

Intro: In measuring the capacitance of a variable mechanical capacitor used in a 

capacitive mechanical sensor, an electrical driving signal is usually needed. The 

electrostatic forces caused by the driving signal on the mechanical capacitor may 

interfere with the measurement and the normal operation of the devices 

significantly.  

Purpose of the study: In this paper, quantitative analyses on the effects of 

driving signal are made for single-sided driving, double-sided driving and double-

sided driving with voltage feedback i.e., force-balanced measurement schemes . 

Results: The effects caused by the driving signal are found to be: 1 the zero 
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offset of the sensors for single-sided driving signal, 2 the change of the 

measurement sensitivity, and 3 the reduction of the critical measurand signal 

level causing the pull-in effect that hampers the normal operation of the device. 

The levels of critical measurand signal for specific driving signal levels are found 

quantitatively. Based on the analyses, the conclusions are: 1 the level of driving 

signal can be selected by the compromise among the requirements on the 

sensitivity, the accuracy and the reliability of the sensors devices for a specific 

configuration, 2 the side effects of the driving signal can be minimized by using 

the testing scheme of double driving with voltage feedback. 

Comment: The configuration of double-sided driving with an electromechanical 

feedback has the best performance and is least affected by the side effects of 

the driving signal. 

37 Instrumentation of 

particle conveying using 

electrical charge 

tomography 

Mohd Fua’ad 

Rahmat 

A thesis submitted to 
Sheffield Hallam 
University for the 
degree of Doctor of 
Philosophy in the 
School of Engineering, 
November 1996 

Purpose of the study: To investigate the application of electrodynamic sensor in 

tomographic imaging system. 

Methodology:  Models are develop to predict the sensitivity of rectangular and 

circular electrodes. The spatial filtering effect of these sensors is investigated. 

Cross correlation is briefly reviewed and a software program is presented and 

tested. The design of the electronic circuitry which form the transducer is 

presented. The dual 16-channel  sensor array measurement is presented. 

Results: Suggestion for further work on electrodynamic sensor and tomographic 

measurement are made.  

Comment: The mathematical model is suitable to be tested and simulated by 

using MATHCAD. 

 

38 Software for online mass 

flow measurement of 

particles in pneumatic 

Y Yan, I Barratt Flow Measurement 
and Instrumentation, 
Vol 16, Issue 5, 2005, 

Purpose of the study: Reliable methods of metering the mass flow rate of 

particles in pneumatic pipelines have long been desirable in many industries, but 

the development of a suitable instrumentation system has proven to be an 
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suspension pg 309-314 intractable problem world-wide.  

Methodology: A prototype measurement system for this particular application 

has been recently developed using both radiological and electrodynamic sensors 

combined with software engineering and digital signal processing techniques. 

Principles and technical details of this sophisticated instrumentation system have 

been presented in a series of papers. However, the software aspects of this 

system have been reserved for the present paper. Major issues in design and 

applications of suitable software for mass flow measurement of particles in 

pneumatic suspension are discussed.  

Result: Non-obstructive mass flow metering techniques are inferential, requiring 

simultaneous determinations of particle velocity and volumetric concentration of 

particles in the pipe. These two measurements are then combined to give the 

mass flow rate. This means an inferential particle flow instrument can provide 

users with three parameters, i.e. velocity, concentration and mass flow rate of 

particles. In some cases the measurement of particle velocity is important as it 

can lead to considerable savings in energy, reduced pipeline wear and breakage 

of bulk material.  

Comment: The software should meet the following requirements:-  

 Efficient data acquisition via ordinary interfacing techniques.  
  On-line data processing including filtering and averaging  
  Effective graphical presentation of data  
  Off-line data retrieval and rerun for further data analysis  

  System running using simulated data for demonstration and staff 
training  

  System configuration and reconfiguration  
  On-line instrument control  
 Fault diagnostic and alarm 
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39 An Instrumentation 

System Using Combined 

Sensing Strategies for 

Online Mass Flow Rate 

Measurement and 

Particle Sizing 

Robert M. 

Carter and 

Yong Yan 

IEEE TRANSACTIONS 
ON 
INSTRUMENTATION 
AND MEASUREMENT, 
VOL. 54, NO. 4, 
AUGUST 2005 

Purpose of the study: Online concurrent measurement of mass flow rate and 

size distribution of particles in a pneumatic suspension is desirable in many 

industries. This paper presents the basic principle of and initial results from a 

novel instrumentation system that uses a combination of electrostatic and digital 

imaging sensors in order to achieve these goals.  

Methodology: An inferential approach is adopted for the mass flow 

measurement of particles where velocity and volumetric concentration of 

particles are measured independently. The velocity of particles is determined by 

cross-correlating two signals derived from a pair of electrostatic sensors, while 

the volumetric concentration of particles is obtained using a novel digital 

imaging sensor, which also provides particle size distribution data. The basic 

principles and limits of operation of the imaging sensor are discussed and 

explained.  

Results: Results obtained from a pneumatic conveyor system are presented that 

show good performance of the system for both mass flow metering (accurate to 

about 4%) and particle sizing (reliable to around 0.5%). A particle size 

distribution result is also included, and the insensitivity of particle sizing to 

changes in velocity and concentration is assessed. In general, the results 

obtained are encouraging, and the system shows great promise. 

Comment: Combination electrostatic sensor and imaging to measure mass flow 

rate. 

40 Mass Flow 

Measurement of Fine 

Particles in a Pneumatic 

Suspension Using 

Electrostatic Sensing and 

Neural Network 

Yong Yan, Lijun 

Xu and Peter 

Lee, 

IEEE TRANSACTIONS 
ON 
INSTRUMENTATION 
AND MEASUREMENT, 
VOL. 55, NO. 6, 
DECEMBER 2006 

Purpose of the study: In this paper, a novel approach is presented to the 

measurement of velocity and mass flow rate of pneumatically conveyed solids 

using electrostatic sensing and neural network techniques. 

Methodology:  A single ring-shaped electrostatic sensor is used to derive a 

signal, from which two crucial parameters—velocity and mass flow rate of 
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Techniques solids—may be determined for the purpose of monitoring and control. It is found 

that the quantified characteristics of the signal are related to the velocity and 

mass flow rate of solids. The relationships between the signal characteristics and 

the two measurands are established through the use of backpropagation (BP) 

neural networks.  

Results: Results obtained on a laboratory test rig suggest that an electrostatic 

sensor in conjunction with a trained neural network may provide a simple, 

practical solution to the long-standing industrial measurement problem. 

Comment: Neural network can be used to improve the measurement of mass 

flow rate by using electrostatic sensor. 

41 Electrostatic 

Nonintrusive Method for 

Measuring the Electric 

Charge, Mass Flow Rate, 

and Velocity of 

Particulates in the Two-

Phase Gas–Solid Pipe 

Flows Its Only or as 

Many as 50 Years of 

Historical Evolution 

Juliusz B. 

Gajewski 

IEEE TRANSACTIONS 
ON INDUSTRY 
APPLICATIONS, VOL. 
44, NO. 5, 
SEPTEMBER/OCTOBER 
2008 

Purpose of the study: There are a lot of different noncontact methods for 

measuring the electric charges carried on solid particles, the mass flow rate, 

concentration, volume loading, mean flow velocity, and other flow electrical and 

mechanical parameters in the two- and multiphase gas–solid flows as those in 

pneumatic conveyance, in the air, etc. One of the methods is that based on the 

phenomenon of electrostatic induction. The nonintrusive probes, sensors, 

detectors, and transducers of different shapes are used as the first parts of 

measuring systems built to measure the aforementioned quantities, which are 

strictly related to the flow of charged particles, without any disturbance to them.  

Methodology: The method presented here employs a ring-shaped metal 

electrode called a probe. The flow itself produces the electrostatic flow noise 

that is induced on the inner surfaces of sensing devices in the form of charge or 

potential or both whose values are proportional to the quantities measured. The 

signals obtained at the output of the sensing devices are a source of information 

about the flow of particulates. 

Analysis:  The very first information about the method, its metrological 

description, and practical application to the charge measurement was published 

for the first time 50 years ago, and this is the reason why the author has decided 
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to present the method’s evolution and historical development, along with its 

many different aspects over that period. 

Comment: Electrostatic non-intrusive method is thoroughly discussed in this 

paper. 

42 A Soft-Sensor Method 

Based on Fuzzy Rules for 

Pulverized Coal Mass 

Flow Rate Measurement 

in Power Plant   

CHENG Guixue, 

PAN Weiguo, 

Zhang Wei, DU 

Haizhou, Zhang 

Chao 

2009 International 
Conference on 
Artificial Intelligence 
and Computational 
Intelligence 

Purpose of the study: A soft sensor method based on fuzzy rules for pulverized 

coal mass flow rate measurement in power plant is introduced, which used to  

resolve the problems of the electrodynamic sensor’s deficiency in absolute mass 

flow rate measurement and the effect of flow regime on the output of the 

sensor.  

Methodology: Abundant experimental data captured by special electrostatic 

sensor is pre-processed through noise reduction and smooth filtering model, and 

the characteristic data is partitioned into some local region space by the fuzzy 

clustering algorithm, and a non-linear sub-model was established for each local 

region by using the radial basis function (RBF) neural network.  

Results: The measurement result value can be described by a set of fuzzy rules 

based sub-models. The soft method based on non-linear processing can 

effectively reduce the influence of flow regime on the measurement results. 

Comment: Soft sensor method is a method that emphasized on  the 
acquisition of auxiliary variables to describe the best 
estimate of the primary variables, main modeling methods 
are modeling by mechanism, regression analysis, state 
estimation, pattern recognition, artificial neural networks, 
fuzzy mathematics, the process of tomography, non-linear 
correlation analysis. 

 

43 Flow Measurement of 

Biomass and Blended 

Xiangchen 

Qian and Yong 

IEEE TRANSACTIONS 
ON 

Purpose of the study: Key parameters such as particle velocity, concentration of 

solid particles, and stability of pulverized fuel flow in fuel injection pipelines are 
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Biomass Fuels in 

Pneumatic Conveying 

Pipelines Using 

Electrostatic Sensor-

Arrays 

Yan, INSTRUMENTATION 
AND MEASUREMENT, 
VOL. 61, NO. 5, MAY 
2012 

useful to power plant operators to detect fuel supply problems at an early stage. 

This paper presents the use of a novel multichannel instrumentation system with 

circular and arc-shaped electrostatic sensor arrays for the online continuous 

measurement of “mean” and “local” characteristics of blended biomass flow.  

Methodology: Experimental tests were conducted on a pneumatic conveying 

test rig under various flow conditions on both horizontal and vertical pipes. The 

biomass fuels tested include willow, wood, and bark. A ground grain (flour) was 

used to replicate a biomass of finer particles.  

Results: The results suggest that, due to the physical differences between the 

constituent biomass fuels, the characteristics of the flow depend on the 

proportion of larger biomass particles in the blend. It is found that pure flour 

particles travel faster and carry more electrostatic charge than those of larger 

biomass particles. As more biomass particles are added to the flow, the overall 

velocity of the flow slows down, the electrostatic charge level decreases, and the 

flow becomes less stable compared to the pure flour flow. Particles in the 

vertical pipe are found to be more evenly distributed, and the particle velocity 

profile across the pipe cross section is more regular when compared to those in 

the horizontal pipe. 

Comment: Multichannel signal processing system comprises of four units which 

are sensing unit, signal conditioning unit, signal processing unit and system 

control unit. 

 

 

 

44 Performance 

Assessment of the 

Rotational Speed 

Lijuan 

Wang,Yong 

Yan,Yonghui 

 Purpose of the study: Rotational speed is a key parameter for condition 

monitoring and control of rotating devices in many industries. This paper 

presents a novel measurement technique using a single electrostatic sensor 
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Measurement System 

Based on a Single 

Electrostatic Sensor 

Hu, Xiangchen 

Qian 

coupled with autocorrelation signal processing algorithms.  

Methodology: The characteristics of the electrostatic sensor are analyzed 

through Finite Element Modeling. Experimentation based performance 

assessment of the system for the speed measurement of shafts made of 

different materials, including polytetrafluoroethylene (PTFE), polyvinyl chloride 

(PVC) and polyamide (PA) is reported. Effect of the size of the shaft is observed 

and quantified.  

Results: Experimental results obtained on an experimental test rig suggest the 

measurement system is capable of producing repeatable rotational speed 

measurement with a maximum error of ±0.5% over the speed range of 600 to 

3000 RPM (revolution per minute). The system performs better under the 

conditions of higher rotational speed and larger rotors. 

Comment : When an object is in a rotational motion, its surface becomes 
electrostatically charged due to the relative motion between the surface of the 
equipment and the air and other media. The insulated electrode with a 
suitable charge detection circuit is mounted close to the rotational object and 
can be used to detect the charge on the rotating surface. A random signal is 
generated on the electrostatic sensor through electrostatic induction due to 
the charge on the moving surface of the object. The randomness of the signal is 
a reflection of the surface roughness though the electrostatic sensing process.  
 
 
 
 

45 Flow conditioners design 

and their effects in 

reducing flow metering 

errors 

A.K. Ouazzane,  

R. Benhadj 

Sensor Review, Vol. 
22 Iss 3 pp. 223 – 
231,2002 

Purpose of the study: To describe the effect of various entrance flow velocity 

profiles on the performance of an orifice flow meter with and without flow 

conditioning. 

Methodology: Asymmetric  swirling velocity profiles were generated by a ball 

valve. These cause significant shift to the meter’s calibration. The used of vaned 
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plate, flow conditioner, consisting of six vanes attached to a 70 percent porosity 

plate , greatly improved the performance of the flow meter.  

Results: Thus, the device can be used as part of a flow metering package that will 

have considerably reduced installation length.  

Comment: Flowmeters are explained 

46 Micromachined sensor 

design for optical‐fiber 

flow measurement 

José Mireles Jr. Sensor Review, Vol. 
25 Iss 1 pp. 33- 
39,2005 

Purpose of the study: Owing to the technology growth, especially in 

Microsystems technology and Nanotechnology, new products will provide new 

ways to sense variables that are crucial for product improvement and system 

reliability. A big concern of the scientific community is the measurement of low 

level flow measurements, especially for the biomedical and/or systems on a chip 

approaches. 

Methodology: A new flow meter concept design consists of a surface 

micromachined sensor having an optical high reflective mirror made of gold, 

which is attached to unique cantilever designs that bend due to the drag force of 

mass flow. The bending of the cantilevers produces the mirror to 

approach/depart from an optical fiber end-tip. The reflective light to fiber is 

modulated using a Fabry-Perot interferometry technique to determine the 

mirror separation to the fiber, which corresponds to the mass flow. 

Results: The new concept design shows a big potential approach to measure low 

flow measurements for air, gas and liquids of low viscosity. The results of this 

concept, through finite element analysis, show that the material used to build 

the sensor, makes them excellent candidates for fabrication. The stresses of the 

materials and allowable (readable) bending are among the tolerances of such 

materials/construction-design. The sensor is not affected by electromagnetic 

interference and does not require electrical currents to sense, i.e. it is perfectly 

suited for biomedical and low mass-flow sensing such as lab-on-chip 

applications. 
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Comment: Flow meter design is presented 

47 Embedded system based 

optical tomography: the 

concentration profile 

Ruzairi Abdul 

Rahim Chiam 

Kok Thiam 

Jaysuman 

Pusppanathan 

Yvette Shaan-Li 

Susiapan 

 Sensor Review, Vol. 
29 Iss 1 pp. 54 – 62, 
2009 

Purpose of the study:  The purpose of this paper is to view the flow 

concentration of the flowing material in a pipeline conveyor. 

Methodology: Optical tomography provides a method to view the cross 

sectional image of flowing materials in a pipeline conveyor. Important flow 

information such as flow concentration profile, flow velocity and mass flow rate 

can be obtained without the need to invade the process vessel. The utilization of 

powerful computer together with expensive data acquisition system (DAQ) as 

the processing device in optical tomography systems has always been a norm. 

However, the advancements in silicon fabrication technology nowadays allow 

the fabrication of powerful digital signal processors (DSP) at reasonable cost. 

This allows the technology to be applied in optical tomography system to reduce 

or even eliminate the need of personal computer and the DAQ. The DSP system 

was customized to control the data acquisition of 16 £ 16 optical sensors 

(arranged in orthogonal projection) and 23 £ 23 optical sensors (arranged in 

rectilinear projections). The data collected were used to reconstruct the cross 

sectional image of flowing materials inside the pipeline. In the developed 

system, the accuracy of the image reconstruction was increased by 12.5 per cent 

by using new hybrid image reconstruction algorithm. 

Results: The results proved that the data acquisition and image reconstruction 

algorithm is capable of acquiring accurate data to reconstruct cross sectional 

images with only little error compared to the expected measurements. 

Comment: The tomography imaging of the system is improved 

48 Application of fuzzy logic 

and electrodynamic 

sensors as flow pattern 

identifier  

M.F. Rahmat, 

N.S. 

Kamaruddin 

Sensor Review, Vol 32 
Iss 2, pp. 123-133, 
2012 

Purpose of the study: The purpose of this paper is to identify the flow regime in 

a pneumatic conveyor system by electrodynamic sensor placed around the pipe 

using fuzzy logic tools. 

Methodology: Electrical charge tomography is used to detect the existence of 
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inherent charge on the moving particles through the pipe. Linear back projection 

algorithm and filtered back projection algorithm are employed to produce 

tomography image. Baffles of different shapes are inserted to create various 

flow regimes, such as full flow, three quarter flow, half flow and quarter flow. 

Fuzzy logic tools are used to identify different flow regimes and produce filtered 

back concentration profiles for each flow regime. 

Results: The results show significant improvement in the pipe flow image 

resolution and measurement. 

Comment: Fuzzy logic is used to enhance the output of the flow pattern 

identifier. 

49 A Capacitive Pressure 

Sensor with Low 

Impedance Output and 

Active Suppression of 

Parasitic Effects 

B PUERS, E 

PEETERS, A 

VAN DEN 

BOSSCHE and 

W SANSEN 

Sensors and 
Actuators, A21 -A23 
(1990) 108-114 

Purpose of the study: This paper describes the design, operating principles and 

performance of a capacitive pressure sensor in silicon, combined with a 

dedicated CMOS interface circuit.  

Methodology: The readout circuit is designed to suppress parasitics and to yield 

an output signal proportional to pressure. The sensor-specific part is fabricated 

using standard photolithography, silicon micromachining in KOH, and anodic 

silicon/glass bonding at wafer level. The devices measure 2.2 × 3.5 × 0.8 mm and 

show a typical zero-pressure capacitance of 10 pF, with pressure-induced 

changes up to 250%. The interface chip ‘CAPRICE’ (CApacitive Pressure sensor 

Readout IC) is processed in a 3 μ n-well CMOS process and was designed to 

anticipate the intrinsic drawbacks of the capacitive transducing principle, i.e. 

sensitivity to environment noise, nonlinear output response and effects of 

parasitic capacitances. These drawbacks have always prevented the 

breakthrough of integrated capacitive mechanical sensors. CAPRICE, however, 

converts small capacitance variations into a noise-insensitive output voltage and 

a first-order linearisation is achieved by inversion of the hyperbolic capacitance 

versus pressure relationship. A second-order linearisation is obtained by the 

adoption of a novel suppression scheme for parasitic capacitances to the 
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substrate. 

Results: Parasitic capacitance rejection ratios up to 80 dB can be achieved in this 

way, enabling the practical feasibility of capacitive pressure sensors with less 

than 0.5% of full-scale nonlinearity. 

Comment: CAPRICE is used to supressed parasitic capacitance up to 80 dB. 

50 Application of the 

electrostatic mean value 

theorem to electrostatic 

sensor electrodes 

Brandon A. 

Kemp, Tomasz 

M. 

Grzegorczyk, 

Bae-Ian Wu, Jin 

Au Kong 

Journal of 
Electrostatics 65 
(2007) 69–74 

Purpose of the study: We present a method for approximating the potential of 

conducting objects due to a known electrostatic source.  

Methodology: The method involves averaging the incident potential over the 

conductor surface or volume region, which is known to give the exact value for a 

perfectly conducting sphere. The method is extended to spheroidal geometries, 

both prolate and oblate, to study the error incurred for deviations from the 

spherical case. Exact values for the spheroid potentials are derived and 

compared with those obtained by the mean value approximations.  

Results: The result for the oblate spheroid is extended to the case of a two-

dimensional electrostatic disk. The approximations are proposed as a method for 

predicting the potential of conducting electrodes used with electrostatic sensors 

for the measurement of electrostatic field disturbances. In this regard, the mean 

value approximation is applied to determine the source to electrode mutual 

capacitance, which is implemented in the model for the sensor system. 

Electrostatic disk electrodes are used with an electrostatic disturbance sensor to 

experimentally validate the application of the mean value approximation. 

Comment: The mean value theorem is stated explicitly for spherical 
geometries, and now it is being extended for potential calculation of a 
conducting electrode to nonspherical geometries. 
 

51 Electrostatic, inductive 

ring probe bandwidth 

Juliusz B 

Gajewski 

Meas. Sci. Technol. 7 
(1996) 1766–1775. 

Purpose of the study:  Electrostatic, inductive, non-intrusive probes are 

employed for measuring the electric charge as well as the mass flow rate, 
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volume loading, and mean flow velocity of solid particles especially while 

travelling through pipes of pneumatic transport or in ambient air when a flux of 

those particles forms a rather compact column-like jet of a nearly constant cross 

sectional area. The bandwidth of such measuring devices is a very important 

factor which should be determined carefully, or even planned in advance, before 

designing the probe itself intended for the use under well defined conditions. 

Methodology:  In the paper the bandwidth of the inductive ring probes is 

discussed. To find the probe bandwidth the derivation of a general formula is 

presented along with the accepted assumptions and an original way of 

formulation and consideration of that problem.  

Results: The general formula obtained is an inductive ring probe frequency 

response function and permits the bandwidth of any inductive, non-intrusive 

probe, sensor, transducer, etc, to be easily determined for given mean flow 

velocities of particles and probe widths. 

Comment: The characteristics of inductive ring probe is being studied 

52 CONTINUOUS NON-

CONTACT 

MEASUREMENT OF 

ELECTRIC CHARGES OF 

SOLID PARTICLES IN 

PIPES OF PNEUMATIC 

TRANSPORT. PART I: 

PHYSICAL AND 

MATHEMATICAL 

MODELS OF A METHOD 

Juliusz B. 

Gajewski 

Industry Applications 
Society Annual 
Meeting, 1989, 
Conference Record of 
the 1989 IEEE, San 
Diego, California, USA, 
1-5 Oct 1989, Vol 2, 
pg 1958-1963 

Purpose of the study: Physical and mathematical models are derived from an 

analysis of a phenomenon arising from moving charged solid particles in pipes of 

pneumatic transport and their inductive influence on an inductive ring probe 

(electrostatic transducer).  

Methodology: The probe is connected with the high-resistance input of a ape 

dally designed amplifier through an electric circuit consisting of a capacitor of a 

high capacitance value in order to obtain the voltage drop on the input 

impedance of the amplifier proportional to the Coulomb potential which, in turn, 

is directly proportional to an electric charge generated on solid particles during a 

flow in a pipe.  

Results: The capacitor also permits one to attenuate or even prevent electrical 

interferences from influencing the charge measurement; these interferences 
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result from the charging of a dielectric section of a pipeline by impacting solid 

particles. 

Comment: The physical and mathematical model of the probe is discussed 

thoroughly. 

53 Finite Element Modelling 

of Intrusive Electrostatic 

Sensors for the 

Measurement of 

Pulverised Fuel Flows 

Jan Krabicka, 

Yong Yan 

Instrumentation and 
Measurement 
Technology 
Conference - IMTC 
2007,Warsaw, Poland, 
May 1-3, 2007 

Purpose of the study: Electrostatic sensors are used in the power generation 

industry to measure the velocity and other parameters of pulverized fuel. 

However, relatively little is known about the exact nature of the signal induced 

onto the sensor electrode, which is dependent on sensor geometry, particle size 

distribution, and particle velocity.  

Methodology: This paper presents a novel approach to the study of signals 

induced onto intrusive electrostatic sensors, based on fitting a Lorentzian curve 

to the results of a finite element model of the sensor and pipeline. 

Comment: FEM is used to model the sensor. 

54 Finite-Element Modeling 

of Electrostatic Sensors 

for the Flow 

Measurement of 

Particles in Pneumatic 

Pipelines 

Jan Krabicka 

and Yong Yan 

IEEE TRANSACTIONS 
ON 
INSTRUMENTATION 
AND MEASUREMENT, 
VOL. 58, NO. 8, 
AUGUST 2009 

Purpose of the study: Electrostatic sensors are used in certain industries for the 

flow measurement of pneumatically conveyed solids. However, despite various 

advances that have been made in recent years, relatively little information is 

known about the exact nature of the electrostatic charge induced onto the 

sensor electrode due to moving particles, which is dependent on electrode 

geometry, particle distribution, and particle velocity.  

Methodology: This paper presents a novel approach to the study of the charge 

induced onto electrostatic sensors based on fitting a Lorentzian curve to the 

results of a finite-element model of the electrostatic sensor and pipeline.  

Results: The modeling method is validated by comparing the modeling results of 

a nonintrusive circular electrode with an established analytical solution. The 

modeling results are used for in-depth analysis and informed design of a 

particular sensor configuration. 
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Comment: FEM is used to model the sensor 

55 Comparison of the 

electric charging 

properties of particulate 

materials in gas–solids 

flows in pipelines 

D.I. Armour-

Chelu, S.R. 

Woodhead 

Journal of 
Electrostatics 56 
(2002) 87–101 

Purpose of the study: The charging trends of particulate materials in gas–solid 

flows in pipelines are of considerable interest to designers of such flow systems, 

particularly with regard to flow instruments based on electrostatic measurement 

principles. Such data may also be useful to other researchers in associated fields. 

The authors of this paper, therefore, set about obtaining such data empirically.  

Methodology:In order to achieve this, a small-scale test rig was designed 

incorporating a 26.5 mm bore pipeline, particulate material feeder, and electric 

charge measurement equipment. Charging trends are reported for flow 

velocities in the range 16–36 m/s and particle concentrations in the range 5–50 

mg/m3. Aluminium hydroxide, aluminium oxide, sugar and pulverised coal 

samples graded to have particle sizes in the range 90–106 mm were tested. 

Samples of aluminium hydroxide graded to between 45–53 and 63–75 mm were 

also tested.  

Comment:  The charging trends of particulate materials in gas-solid flows in 

pipelines are discussed and can be referred to for the modelling of the sensor. 

 

56 Non-contact 

electrostatic flowprobes 

for measuring the 

flowrate and charge in 

the two-phase gas–

solids flows 

Juliusz B. 

Gajewski 

Chemical Engineering 
Science 61 (2006) 
2262 – 2270 

Purpose of the study: The paper presents mathematical models of a measuring 

system for real-time monitoring the net electric charge, the mass flow rate or 

concentration of charged particles, and the mean flow velocity of the particles in 

a pipe. The main problem lies in proper defining and establishing the 

unambiguous relationships between the electric parameters of a measuring 

system, which uses a probe, sensor or transducer based on electrostatic 

induction. Such devices are non-contact, non-obstructive ones and are intended 

for the two-phase flow metering of charged solids in pipelines.  

Methodology: The probe’s output potential (voltage) is derived as a function of 

an equivalent point charge representing the net charge of a charged particle 
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column within the probe’s sensing zone and flowing in a real pipe as well as a 

function of the net charge of this column and its dynamic space density. The 

relationships are established for the above three forms of charge travelling 

rectilinearly along or parallel to the probe’s geometrical axis in a laminar or fully 

developed turbulent flow.  

Results: The models presented here show a useful, helpful approach to the 

modelling of non-contact, non-intrusive measuring systems based on 

electrostatic induction. The substantial role the capacitance of the electrostatic 

flow probe itself and the whole measuring system plays in the physical process 

of electrostatic induction of charge and in the mathematical modelling of the 

probe and system is interpreted. The capacitance influence on the system 

bandwidth is also discussed. 

Comment: The modelling of non contact, non intrusive electrostatic sensor is 

discussed. 

 

57 Monitoring electrostatic 

flow noise for mass flow 

and mean velocity 

measurement in 

pneumatic transport 

Juliusz B. 

Gajewski 

Journal of 
Electrostatics 37 
(1996) 261-276 

Purpose of the study: This paper presents experimental results of research on 

the electrostatic, non-contact measurement of the mass flow rate and mean 

flow velocity of solids in pneumatic transport lines. We also describe a 

microprocessor-based system, based on the measurement method,that had 

been built to be installed in industrial installations.  

Methodology: The system permits rapid mass flow rate and mean flow velocity 

measurements in quasi-real time. The method is based on the phenomenon of 

electrostatic induction - the effect of the flux of charged solid particles flowing in 

a pipe on measuring ring probes (inductive transducers). The research, described 

in this paper, provides experimental verification of the measuring system.  

Results:Results obtained for two different materials (aluminosilicate and 

granulated polypropylene) show the relationships between the effective values 
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(RMS) and mean values of rectified electric signals induced in the measuring 

probes by the flow of charged solid particles and the mass flow rate of those 

particles for different mean flow velocities. 

Comment: Electrostatic flow noise is explained. 

58 MATHEMATICAL MODEL 

OF NON-CONTACT 

MEASUREMENTS OF 

CHARGES WHILE 

MOVING 

JULIUSZ B. 

GAJEWSKI 

Journal of 
Electrostatics, 15 
(1984) 81--92 

Purpose of the study: A mathematical model is derived from an analysis of a 

phenomenon arising from moving charged particles of various solids exerting an 

influence on a metal ring placed in an electric field.  

Methodology: The charges flow rectilinearly in air along the geometrical axis of 

the ring.  

Results: Appropriate equations describing the influence of the charges on the 

entire measuring system (ring plus measuring device) are derived for both 

general and specific cases. 

Comment: The model of moving charged particles are discussed 

59 Study on electrodynamic 

sensor of multi-modality 

system for multiphase 

flow measurement 

Xiang Deng, 

Dixiang Chen 

and Wuqiang  

Yang 

Review of Scientific 
Instruments 82, 
124701 (2011) 

Purpose of the study: In this paper, the isssues with dual modality ECT/ERT and 

the difficulties with pixel-based cross correlation will be discussed.  

Methodology: A new adaptive multi-modality (ECT,ERT and electrodynamic) 

sensor, which can be used to measure a gas/solids or gas/liquid flow, will be 

described.  

Comment: ECT, ERT are discussed. 

60 Application of neural 

network and 

electrodynamic sensor 

as flow pattern identifier  

M.F. Rahmat, 

H.A. Sabit, R. 

Abdul Rahim 

Sensor Review, Vol 30 
Iss 2, pp.137-141 

Purpose of the study:To present electrical charge tomography, which is one of 

the most efficient, robust, cost-effective and non-invasive tomographic methods 

of monitoring solid particles flow in a pipeline. 

Methodology: Process flow data are captured by fitting an array of 16 discrete 

electrodynamic sensors about the circumference of the flow pipe.The captured 

data are processed using two tomographic algorithms to obtain tomographic 
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images of the flow. Then a neural network tool is used to improve image 

resolution and accuracy of measurements. 

Results: The results from the above technique show significant improvements in 

the pipe flow image resolution and measurements.    

Comment:  Neural network are used to enhance the output of the flow pattern 

identifier. 

61 Sensor design for 

development of tribo-

electric tomography 

system with increased 

number of sensors 

M. Machida, 

M. 

Kaminoyama 

Journal of 
visualization, Vol 11, 
No 4 (2008), 375-385 

Purpose of the study: Electrodynamic sensor, which can also be called as tribo-

electric sensor, senses the electrostatic charge carried by the particle. The 

tomography system using electrodynamic sensor is called as tribo-electric 

tomography system. Source of the signal induced on the electrodynamic sensor 

is brought by the object to be measured and and no excitation circuit is 

necessary. This electrodynamic sensing is a passive sensing and the fast and light 

weighted tomography system is expected. On the other hand, most of 

tomography system, like capacitance tomography or resistance tomography, 

demand excitation and is an active sensing. The number of measurements with 

the passive sensing is equal to the number of sensors and that of active sensing 

is the number of the combinations of two sensors. The passive sensing 

tomography system demands more sensor to be settled.  

Methodology: We plan to improve in reconstructed images by increasing the 

number of the electrodynamic sensors in tribo electric tomography system. We 

investigate the influence of surface area to signal intensity solving the electrical 

field in the sensing zone using finite element method. 

Comment: The tomography imaging of the system is improved. 

62 Analytical and Numerical 

Investigations into 

Hemisphere-Shaped 

Electrostatic Sensors 

Jun Lin, Zhong-

Sheng Chen, 

Zheng Hu, 

Yong-Min Yang 

Sensors 2014, 14, 
14021-14037 

Purpose of the study: Electrostatic sensors have been widely used in many 

applications due to their advantages of low cost and robustness. Their spatial 

sensitivity and time frequency characteristics are two important performance 

parameters. In this paper, an analytical model of the induced charge on a novel 
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and Xin Tang hemisphere-shaped electrostatic sensor was presented to investigate its 

accurate sensing characteristics.  

Methodology: Firstly a Poisson model was built for electric fields produced by 

charged particles. Then the spatial sensitivity and time-frequency response 

functions were directly derived by the Green function. Finally, numerical 

calculations were done to validate the theoretical results.  

Results: The results demonstrate that the hemisphere-shaped sensors have 

highly 3D-symmetrical spatial sensitivity expressed in terms of elementary 

function, and the spatial sensitivity is higher and less homogeneous near the 

hemispherical surface and vice versa. Additionally, the whole monitoring system, 

consisting of an electrostatic probe and a signal conditioner circuit, acts as a 

band-pass filter. The time-frequency characteristics depend strongly on the 

spatial position and velocity of the charged particle, the radius of the probe as 

well as the equivalent resistance and capacitance of the circuit. 

Comment: Hemisphere shaped sensors can be further  investigated in terms of 

its sensitivity and repeatability. 

63 Monitoring electrostatic 

flow noise for mass flow 

and mean velocity 

measurement in 

pneumatic transport 

Juliusz B. 

Gajewski 

Journal of 
Electrostatics 37 
(1996) 261-276 

Purpose of the study: This paper presents experimental results of research on 

the electrostatic, non-contact measurement of the mass flow rate and mean 

flow velocity of solids in pneumatic transport lines. We also describe a 

microprocessor-based system, based on the measurement method,that had 

been built to be installed in industrial installations.  

Methodology: The system permits rapid mass flow rate and mean flow velocity 

measurements in quasi-real time. The method is based on the phenomenon of 

electrostatic induction - the effect of the flux of charged solid particles flowing in 

a pipe on measuring ring probes (inductive transducers). The research, described 

in this paper, provides experimental verification of the measuring system.  

Results: Results obtained for two different materials (aluminosilicate and 
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granulated polypropylene) show the relationships between the effective values 

(RMS) and mean values of rectified electric signals induced in the measuring 

probes by the flow of charged solid particles and the mass flow rate of those 

particles for different mean flow velocities. 

Comment: Flow noise is generated by the irregular flow superimposed with the 

regular flow. 

64 Electrostatic Sensor in 

Circular and Rectangular 

Shape Electrode for Solid 

Dry Pneumatic Conveyor 

System 

M.R. Ghazali, 

W.I. Ibrahim 

and M.F. 

Rahmat 

 

 2011 International 
Conference on 
Circuits, System and 
Simulation 

IPCSIT vol.7 (2011) © 
(2011) IACSIT Press, 
Singapore 

Purpose of the study: The electrostatic sensor was used in industrial process 

because of less expensive and robust design.  

Methodology: The particles movement in pneumatic conveying system can 

generate the electrostatic charges. The charges can be detected by using the 

sensing devices such as electrodes or plates. The electrodynamics transducer or 

associated electronics circuit on the sensing device was used to convert the 

charge to the voltage. The sensing device was built from conductor and insulator 

materials that have the different size and shape. Three types of electrodes that 

commonly used were pin, quarter ring and ring shapes. This paper focuses on pin 

shape with variation of size for circular and rectangular shapes. Non-intrusive 

method was designed and applied to the both shapes to investigate the 

sensitivity of the sensor.   

Result: The experiment shows that, the different shape of electrode will 

produced different sensitivity. The diameter size of circular shape sensor can be 

increased for better sensitivity and better measurement because of linear 

relationship between sensitivity and electrode area. But, the sensitivity of 

rectangular sensor is asymptotically increased with the area of electrode.   

Comment: Measurement of small diameter circular electrode is not stable and 

less sensitive. Increasing of length in rectangular electrode have certain limit 

with sensitivity. 

65 New technique to Teimour Journal of Purpose of the study: A new technique is proposed to measure the particle 
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measure particle size 

using electrostatic 

sensor 

Tajdari, Mohd 

Fua’ad 

Rahmat, 

Norhaliza 

Abdul Wahab 

Electrostatics 72 
(2014) 120-128 

mean size using an electrostatic sensor in frequency domain. This paper starts 

with a finite-element modeling simulator to model the induced electric charge of 

a ring electrode and to find the electrode sensitivity.  

Methodology: The mathematical modeling was used to extract particle size 

information from the simulated signal in frequency domain. The method is 

applied in an experimental test where a low-noise signal conditioning was 

designed with a ring electrode as the electrostatic sensor.  

Results:The method can be used to establish a cost effective size measurement 

system using electrostatic sensor. 

Comment: The research focused on measuring a single-particle mean size using 

electrostatic sensor independent from the amount of charge on the particle’s 

surface. 

66 A spatial filtering 

velocimeter for solid 

particle velocity 

measurement based on 

linear electrostatic 

sensor array 

Chuanlong Xu, 

Jian Li, Shimin 

Wang 

Flow Measurement 
and Instrumentation 
26 (2012), 68-78 

Purpose of the study: A novel spatial filtering velocimeter for solid particle 

velocity measurement in gas-solid flow system is presented based on a Linear 

Electrostatic Sensor Array (LESA) in the paper.  

Methodology: The fundamental spatial filtering principle of the LESA is 

theoretically described, and a differential filter based on two LESAs is further 

proposed to remove the pedestal component of the output signal from the LESA. 

Thus solid particle velocity can be measured by determining the central 

frequency of the periodic output signal of the differential filter. A spatial filtering 

velocimeter consisting of a measurement head, seven-channel differential 

amplifiers and a computer-based data acquisition and processing system is 

designed and its performance is evaluated on a purpose-built gravity-fed particle 

flow rig and a belt rig, respectively. 

Results:  Experimental results show that the system repeatability is within ±5.4% 

over the velocity range of 1.72–3.91 m/s for a particle concentration range 

0.011–0.163 m3/m3. 
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Comment: The research uses LESA to determine the spatial filtering 

velocimeter. 

67 Correlation in 

instruments: cross 

correlation flowmeters 

M S Beck J. Phys. E: Sci. 
Instrum., Vol. 14, 198, 
7-19 

Purpose of the study: The basic principles are briefly explained, showing how 

cross correlation can be used to identify dynamic characteristics of a wide range 

of telecommunication, structural and process systems. The main emphasis of the 

paper is on cross correlation flowmeters, which are developing to a stage where 

they can successfully solve industrial and environmental measurement 

problems, ranging from the flow of highly polluted liquids in pipes to  the flow of 

gas from volcanic jets.  

Methodology: Cross correlation flowmeters are based on measuring the transit 

time of a tagging signal (turbulence, clumps of particles, etc.) in the flow 

between two axially separated sensors. The transit time is measured by a cross 

correlator. The design of the various subsystems is discussed in some detail and 

the various sensing techniques required for specific applications are described.  

Results: Cross correlation flowmeters have become a realistic proposition 

because of the reducing cost of large scale integrated circuits and 

microprocessors from which the correlator may be realised, a number of 

different designs of cross correlator are described and their relative mertis 

discussed. 

Comment:  Designing flowmeters by using the cross correlation method. 

68 Non-intrusive methods 

of velocity measurement 

in pneumatic conveying 

R Thorn, M S 

Beck and R G 

Green 

J. Phys. E: Sci. 
Instrum., Vol. 15, 
1982,1131-1139 

Purpose of the study: Velocity measurement in pneumatic conveying systems is 

becoming increasingly important for energy saving.  Doppler techniques using 

lasers, microwave and ultrasonic sensors are discussed;  

Methodology: the laser techniques appear most suitable for use as research and 

development aids in system design. Injected tragrs are difficult to use, but can 

give an adequate measure of bulk velocity for system development purposes.  

Results: Cross correlation of natural tracers in the flow uses robust sensors and 
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shows promise of being a cheap method for on-line process control purposes. 

Comment:  The non-intrusive technique is discussed thoroughly in this paper. 

69 Inductive non-contact 

method for measuring a 

velocity 

Juliusz Bohdan 

Gajewski 

J. Phys. E: Sci. 
Instrum., Vol. 16. 
1983 

Purpose of the study: An inductive non-contact method of velocity 

measurement of discontinuous dust fluxes is developed.  

Methodology: The method was verified in laboratory experiments and it was 

found that the measuring procedure is both quick and sensitive. The flow of 

particulates is not disturbed by the measuring ring probes applied, the 

measuring system is reliable and simple and the measurements performed are 

also simple. The total costs of this method are not too high. After suitable 

modifications. This method may be applied to continuous flows of both solids 

and fluids in various pneumatic systems. 

 Results: The results of measurements and calibration of the method are 

discussed and applications to velocity measurements in continuous flows are 

proposed. 

Comment: Inductive non contact method is discussed. 

70 The Charge Induced on a 

Conducting Cylinder by a 

Point Charge and Its 

Application to the 

Measurement of Charge 

on Precipitation 

ANDREW J. 

WEINHEIMER 

JOURNAL OF 
ATMOSPHERIC AND 
OCEANIC 
TECHNOLOGY, Vol 5, 
pp. 298-304, 1987 

Purpose of the study: The solution of the electrostatic boundary value problem 

for a point charge inside an infinite cylinder is applied to sensors employed in the 

measurement of charge on precipitation. With these devices the charge induced 

on a cylindrical segment is measured and must then be related to the actual 

charge on the particle. This induced charge depends upon the axis ratio of the 

cylindrical segment and upon the location of the point charge.  

Methodology: Here the fractional induced charge is computed for a number of 

cases: I) point charges at the centers of cylindrical segments of various axis 

ratios; 2) point charges moving along the axes of cylinders with axis ratios of 

0.25, 0.5, 1.0, and 2.0; and 3) charges moving parallel to but off ef the axis of a 

cylinder with an axis ratio of 1.0. In addition, the effect of the measuring 
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electronics is computed for certain cases. 

Results:  Numerical results such as these will find application in the design of 

charge sensors, and in some cases may even suffice for their calibration. 

Comment: The charge induced on a cylindrical segment can be used to 

measure the actual charge on the particle. 

71 Flow Measurement of 

Biomass and Blended 

Biomass Fuels in 

Pneumatic Conveying 

Pipelines Using 

Electrostatic Sensor-

Arrays 

Xiangchen 

Qian and Yong 

Yan 

IEEE TRANSACTIONS 
ON 
INSTRUMENTATION 
AND MEASUREMENT, 
VOL. 61, NO. 5, MAY 
2012 

Purpose of the study: Key parameters such as particle velocity, concentration of 

solid particles, and stability of pulverized fuel flow in fuel injection pipelines are 

useful to power plant operators to detect fuel supply problems at an early stage. 

This paper presents the use of a novel multichannel instrumentation system with 

circular and arc-shaped electrostatic sensor arrays for the online continuous 

measurement of “mean” and “local” characteristics of blended biomass flow.  

Methodology: Experimental tests were conducted on a pneumatic conveying 

test rig under various flow conditions on both horizontal and vertical pipes. The 

biomass fuels tested include willow, wood, and bark. A ground grain (flour) was 

used to replicate a biomass of finer particles. The results suggest that, due to the 

physical differences between the constituent biomass fuels, the characteristics 

of the flow depend on the proportion of larger biomass particles in the blend. 

Results:  It is found that pure flour particles travel faster and carry more 

electrostatic charge than those of larger biomass particles. As more biomass 

particles are added to the flow, the overall velocity of the flow slows down, the 

electrostatic charge level decreases, and the flow becomes less stable compared 

to the pure flour flow. Particles in the vertical pipe are found to be more evenly 

distributed, and the particle velocity profile across the pipe cross section is more 

regular when compared to those in the horizontal pipe. 

Comment: Electrostatic sensor array is used for flow measurement 

72 A novel capacitive 

system for the 

H.L. Hu, T.M.Xu 

,S.E.Hui, 

Flow Measurement 
and Instrumentation 

Purpose of the study: A novel capacitive system for the concentration 

measurement of gas–solid flow in pneumatically conveyed pulverized fuel at 
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concentration 

measurement of 

pneumatically conveyed 

pulverized fuel at power 

stations 

Q.L.Zhou 17 (2006) 87–92 power stations has been developed.  

Methodology: The capacitance sensor for measuring the concentration uses 

source-grid sensing electrodes. An active sensor and a dummy sensor are used to 

form a differential configuration. In order to eliminate baseline drift, to be 

immune to stray capacitance, and to ensure accurate measurement under very 

low solids/air mass flux ratio conditions, a correlated double sample (CDS) 

technique and lock-in detector with closed loop are used in the interface circuit. 

A laboratory scale pneumatically conveyed pulverized fuel loop system 

incorporating facilities for calibration has been fabricated for this purpose. The 

test section is a vertical ceramic tube of diameter 100 mm with an upward flow 

direction and pulverized fuel has been used as the solid phase.  

Results: Results demonstrate that the system is capable of achieving linearity 

within ±5% at different temperatures or moisture content. 

Comment: Source-grid sensing electrodes are used. 

 

73 Applying Electric Field 

Sensing to 

Human-Computer 

Interfaces 

Thomas G. 

Zimmerman, 

Joshua R. 

Smith, Joseph 

A. Paradise, 

David Allport, 

Neil 

Gershenfeld 

CHI'95 MOSAIC OF 

CREATIVITY - May 7 

11 1995 

Purpose of the study: A non-contact sensor based on the interaction of a person 

with electric fields for human-computer interface is investigated.  

Methodology: Two sensing modes are explored: an external electric field 

shunted to ground through a human body, and an external electric field 

transmitted through a human body to stationary receivers. The sensors are low 

power (milliwatts), high resolution (millimeter) low cost (a few dollars per 

channel), have low latency (millisecond), high update rate (1 kHz), high immunity 

to noise (>72 dB), are not affected by clothing, surface texture or reflectivity, and 

can operate on length scales from microns to meters. Systems incorporating the 

sensors include a finger mouse, a room that knows the location of its occupant, 

and people-sensing furniture.  

Results: Haptic feedback using passive materials is described. Also discussed are 
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empirical and analytical approaches to transform sensor measurements into 

position information. 

Comment: Sensor measurement is converted to HMI which allows easier 

application. 

74 2‐D finite‐element 

modeling of electrostatic 

sensor for tomography 

system 

Iliya Tizhe 

Thuku Mohd 

Fua'ad Rahmat 

Norhaliza 

Abdul Wahab 

Teimour 

Tajdari 

Abdulrahamam 

Amuda Yusuf 

Sensor Review, Vol. 

33 Iss 2 pp. 104 - 113 

Purpose of the study: 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. 

Methodology: 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. 

Results: 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. 

Comment: The tomography imaging of the system is improved. 
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75 Optimization of the 

multi-electrode 

electrostatic sensor for 

velocity distribution 

measurement 

 

Chao Wang; 

Wenbiao 

Zhang; 

Weiping Wu 

AIP Conference 

Proceedings;2014, 

Vol. 1592, p43 

Purpose of the study: Measuring the velocity distribution of dilute gas-solid two-

phase flow is necessary for industrial process monitor and control. However, in 

order to get correct measurement of the velocity distribution, the effective 

correlation calculation by non-corresponding side electrode couples of the 

electrostatic sensor was needed.  

Methodology: By introducing the principle of electrostatic correlation based 

velocity distribution measurement method, the importance of the effective 

correlation calculation by non-corresponding side electrode couples was 

emphasized in this paper. In order to ensure effective correlation calculation by 

non-corresponding side electrode couples was emphasized in this paper. In order 

to ensure effective correlation calculation by non-corresponding side electrode 

couples, effective correlation analysis of multi-electrode electrostatic sensor was 

carried out and effective correlation analysis method was proposed. According 

to this method, the structure of multi-electrode electrostatic sensor was 

optimized. 

Results:  Finally, experimental results show that correlation calculation of non-

corresponding side electrode couples could be done effectively by the optimized 

multi-electrode electrostatic sensor. This result lays a foundation for further 

research on velocity distribution measurement. 

Comment: Multi electrode sensor is used  

76 The Effects of Distance 

on Velocity 

Measurement for 

Different Shapes of 

Electrostatic Sensor 

Mozhde 

Heydarianasl, 

Mohd Fua’ad 

Rahmat 

 

Jurnal Teknologi ,69:8 

(2014) 71–80 

Purpose of the study: Velocity measurement has significant role in several 

industries that cope with particles to save power consumption and to improve 

quality of particles. This paper describes the effect of distance on velocity 

measurement for different shapes of electrodes for example pin, circular, 

rectangular, and quarter ring electrode. This distance is referred to separation of 

electrodes. Electrostatic sensors are suitable to measure the velocity of particles 
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Electrodes due to their inexpensive, simplicity and robust.  

Methodology: These shapes of electrodes are modeled by mathematical 

equations and analyzed by Mathcad software. In addition, velocity is measured 

in laboratory by different shapes of electrodes in different distances. Cross 

correlation method is experimentally used to measure the velocity. Increase the 

distance between electrodes leads to increase the time lag, but velocity remains 

constant.  

Results: The results of modeling electrodes and experimental tests are compared 

with each other and they verify that these electrodes are more reliable in 

industries in addition to cost- effectiveness and high efficiency.   

Comment: Different shapes and sizes are modelled and their effect on 

sensitivity is explained.    

77 Velocity Measurement 

of Pneumatically 

Conveyed Particles Using 

Intrusive Electrostatic 

Sensors 

Jiaqing Shao, 

Jan Krabicka, 

and Yong Yan, 

IEEE TRANSACTIONS 
ON 
INSTRUMENTATION 
AND MEASUREMENT, 
VOL. 59, NO. 5, MAY 
2010 

Purpose of the study: This paper reports recent developments of electrostatic 

sensors for the continuous velocity measurement of particles in pneumatic 

conveying pipelines. The optimization of intrusive electrostatic sensors is 

investigated through finite-element modelling and experimental evaluation. The 

effects of electrode dimensions and intrusion depth on sensor signals and 

correlation-based velocity measurement are addressed. 

Methodology:  The modeling results were validated for a range of velocity 

profiles using a dedicated belt rig, which produces idealized particle flow. A 

series of online experimental tests using circular and rod electrodes was 

conducted on an industrial-scale pneumatic conveyor injecting pulverized coal 

and biomass particles.  

Results: The results demonstrate that electrostatic sensors are capable of 

providing reliable velocity measurement of pneumatically conveyed particles 

with excellent repeatability and fast dynamic response in an industrial 

environment. 
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Comment: Intrusive sensor are used. 

78 The influence of 

humidity, temperature 

and other variables on 

the electric charging 

characteristics of 

particulate aluminium 

hydroxide in gas–solid 

pipeline flows 

S.R. 

Woodhead, 

D.I. Armour-

Chelu 

Journal of 

Electrostatics 58 

(2003) 171–183 

Purpose of the study: This paper reports work undertaken to explore the 

influence of air relative humidity, temperature and particle size on the electric 

charging characteristics of particulate aluminium hydroxide during transport in a 

pneumatic pipeline. Limited data with regard to the influence of flow suspension 

density and velocity is also reported.  

Methodology: Values of air relative humidity from 35% to 50% and 

temperatures of 19C and 30C are investigated, along with mean particle sizes 

ranging from 49 to 98 mm. Flow velocities between 16 and 36 m/s and 

suspension density values of 50 and 10 mg/m3 are also investigated. 

Results: The presented data suggest that a reduction in temperature and an 

increase in relative humidity generally lead to a reduction in charge level. A peak 

in charge level is experienced for a particle size in the region of 80 mm. 

Comment: Temperature and humidity will affect the charge induced thus 

effecting the measurement. 

79 Particles flow 

identification in pipeline 

using adaptive network-

based fuzzy inference 

system and 

electrodynamic sensors 

M. Khairalla 

M.F. Rahmat 

N. Abdul 

Wahab I.T. 

Thuku T. 

Tajdari 

Abdulrahman 

Amuda Yusuf 

Sensor Review, Vol. 
34 Iss 2 pp. 201 – 
208,2014 

Purpose: An identification model for materials flow through a pipeline is 

presented in this paper. The development of the model involves fuzzy C-

meansclustering, in which different flow regimes can be identified by every 

adaptive network-based fuzzy inference system (ANFIS). The paper aims to 

discuss these issues. 

Methodology: For experimentation, 16 electrodynamic sensors were used to 

monitor and measure the charge carried by denseparticles flow through a 

pipeline in a vertical gravity flow rig system. Four ANFIS models were also used 

simultaneously to provide the expected outputon thresh-holding and were 

evaluated for ten different flow regimes, which produced satisfactory results at 

high flow rate. 

Results: The observations made on the four ANFIS models in the flow 
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identification experimentation (in ten different flow regimes) have shown 

convincing and satisfactory results at high-flow rate of the particles. 

Comment: Fuzzy logic is used to enhace the meausurement of the mass flow 

rate. 

80 Sensing field 

homogeneity in mass 

flow rate measurement 

of pneumatically 

conveyed  solids 

Yong Yan, Ben 

Byrne and John 

Coulthard 

Flow Meas. lnstrum., 

Vol. 6, No. 2, pp. 115-

119, 1995 

Purpose of the study: In order to measure the mass flow rate of randomly 

distributed solids flowing in pneumatic conveyors the sensing fields need to be 

uniform so that, ideally, any particle will contribute equally to the flow signal 

wherever it exists within the sensing field.  

Methodology: Four different sensing techniques are discussed based on 

capacitive, electrostatic, microwave and nucleonic principles with regard to their 

homogeneous sensing characteristics. 

Results: This paper has summarized current techniques aimed at achieving 

homogeneous sensing fields for the mass flow rate measurement of 

pneumatically conveyed solids. None of the techniques give perfect results, but 

approximately 10% homogeneity error can be achieved using any of the 

proposed methods. It seems that the achievement of a more uniform sensing 

field always entails the use of larger physical size of the sensing head such as 

pipe wall thickness. In practice, the sensitivity homogeneity is also connected 

with other factors such as overall sensitivity, linearity, spatial filtering effects and 

signal processing methods. Further work is required to refine the above sensing 

techniques, particularly in sensing configurations, so as to achieve best 

homogeneity. Current trials of such systems are now yielding very encouraging 

results. 

Comment: Mass flow rate measurement is measured by four different 

techniques which are capacitive, electrostatic, microwave and nucleonic 

sensing. 

81 ANALYSES OF Jianyong Zhang 
, Donglai Xu , 

Chemical Engineering Purpose of the study: This article describes the characteristics of ring-shaped 
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CHARACTERISTICS OF 

RING-SHAPED 

ELECTROSTATIC METER 

John Coulthard 
, Chuanlong Xu 
& Shimin Wang 

 

Communications, 
197:2, 192-203, 

electrostatic pulverized fuel meters and their applications. 

Methodology:  At the University of Teesside, UK, the electrostatic technique has 

been used to measure pulverized fuel flow concentration, velocity, and mass 

flow rate under lean-phase condition. The mathematic model has been 

developed to express the relationship between the root-mean-square (rms) 

value of the meter’s output voltage and solids mass flow rate.  

Results: The effects of solids velocity and particle size on measurements have 

also been reflected in the model. Furthermore, the model presents the 

sensitivity variations over the cross-sectional area of meter and along the pipe 

axis. The article also introduces the research carried out at Southeast University 

in China, where the technique has been extended to measure dense-phase flow 

of pulverized coal, which is common in gasification and blast furnaces. 

Comment:  The characteristics of ring shaped electrostatic meter is described. 

82 Optimum Design of 

Electrostatic Sensor 

Conditioning Circuit 

Based on Multisim   

Tian Shuo  

Deng Xiang  

Tang Yu   

The 11th IEEE 

International 

Conference on 

Electronic 

Measurement & 

Instruments                          

ICEMI’2013 

Purpose of the study: The velocity measurement of gas/solid two-phase flow 

can be obtained by using the electrostatic sensor combined with cross-

correlation measuring techniques.  

Methodology:  In order to realize the electrostatic velocity measurement the 

high demand of the conditioning circuit is required. In this paper, the charge 

conversion circuit and the dynamic filter circuit, as the key parts of the 

conditioning circuit, are analyzed. The parameters of the circuits are optimized 

and simulated in Multisim. 

Result:  The rationality and practicality of the parameters are verified by the 

simulation. 

Comment: Multisim can be used for optimization of electrostatic sensor. 

83 Investigations into 

sensing characteristics of 

Zhongsheng 

Chen, Xin Tang, 

Chinese Journal of 
Aeronautics, 

Purpose of the study: Circular thin-plate electrostatic sensors are promising in 

gas path monitoring due to their advantages of non-intrusiveness and easy 
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circular thin-plate 

electrostatic sensors for 

gas path monitoring  

Zheng Hu, 

Yongmin Yang 

(2014),27(4): 812–820 installation. The spatial sensitivity and filtering effect are two important 

performance parameters.  

Methodology: In this paper, an analytically mathematical model of induced 

charge on a circular thin-plate electrode is first derived. Then the spatial 

sensitivity and filtering effect of the circular electrostatic sensor are investigated 

by numerical calculations. Finally, experimental studies are performed to testify 

the theoretical results.  

Results: Both theoretical and experimental results demonstrate that circular 

thin-plate electrostatic sensors act as a low-pass filter in the spatial frequency 

domain, and both the spatial filtering effect and the temporal frequency 

response characteristics depend strongly on the spatial position and velocity of 

the charged particle. These conclusions can provide guidelines for the optimal 

design of circular thin-plate electrostatic sensors. 

Comment: Characteristics of circular thin-plate electrostatic sensor are 

described.  

84 ELECTROSTATIC 

NONINTRUSIVE 

METHOD FOR 

MEASURING THE FLOW 

RATE OF INSULATING 

FLUIDS 

FAWZI  M.  

MUSTAFA 

Journal of Basrah 

Researches 

((Sciences)) Volume 

37. Number 4 A / 15 

August ((2011)) 15-24 

Purpose of the study: Theoretical analysis is given here showing the existence of 

a linear relation-ship between the mean velocity in a pipe,v and the mean 

frequency in the spectrum of the noise signal caused by the passage of 

electrostatic charges carried by the flow as picked up by a suitable system of 

electrodes.  

Methodology: The analogue electronic circuit required to obtain is built and 

tested in a flow circuit employing air.  

Results: The experimental results confirmed the linear relationship expected 

theoretically and the error in the reading is about ±2%. 

Comment: Non intrusive method is used. 

85 Electrostatic flow probe Juliusz B. Journal of Purpose of the study: This paper presents an original system and procedure for 
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and measuring system 

calibration for solids 

mass flow rate 

measurement 

Gajewski Electrostatics 45 
(1999) 255Ð264 

calibrating, verifying, and testing any electrostatic (inductive), non-contact 

probe, sensor, or transducer, or the whole measuring system: a measuring head 

with a probe in its inside and an analog or digital measuring instrument 

connected with the head.  

Methodology: The calibration system has been designed on the basis of the well-

known method in which the Faraday pail is used for measuring the net, total 

electric charge as carried by charged solid particles.  

Results: The method and system are described, and the results of preliminary 

tests are presented for granulated polypropylene and for different mass flow 

rates.  

Comment: The method and system of electrostatic flow probe is described in 

detail. 

86 Study on Velocity 

Measurement of 

Gas/solid Flow Based on 

Electrostatic Sensor   

Yu Tang 

, Xiang Deng 

, Shuo Tian 

 

Applied Mechanics 

and Materials Vol. 614 

(2014) pp 275-278 

Purpose of the study: Electrostatic sensor is based on the principle of 

electrostatic induction. It is widely used for gas/solid two-phase flow 

measurement because it has the advantages of simple structure, high sensitivity, 

low cost, etc. 

Methodology:  In this paper, a velocity measurement system of gas/solid flow 

based on electrostatic sensor and cross-correlation algorithm is discussed. 

Electrostatic sensor with circular electrode is adopted. By COMSOL optimum 

simulation, the axial length of the electrode is designed. The signal conditioning 

circuits are discussed and cross-correlation algorithm is analyzed.  

Results: The initial experimental results demonstrate that the velocity 

measurement system of gas/solid flow designed in this paper is feasible. 

Comment: Electrostatic sensor can be used to measure gas/solid flow. The 

optimum design of the sensor is presented. 

87 Fuzzy Logic in Control Chuen Chien Li IEEE TRANSACTIONS Purpose of the study: During the past several years, fuzzy control has emerged 
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Systems: Fuzzy  
Logic Controller, Part II 

ON SYSTEMS, MAN, 
AND CYBERNETHICS, 
VOL 20, NO. 2. 
MARCH/APRIL, 1990 

as one of the most active and fruitful areas for research in the applications of 

fuzzy set theory, especially in the realm of industrial processes, which do not 

lend themselves to control by conventional methods because of a lack of 

quantitative data regarding the input-output relations. Fuzzy control is based on 

fuzzy  logical system that is much closer in spirit to human thinking and natural 

language than traditional logical systems. The fuzzy logic controller (FLC) based 

on fuzzy logic provides a means of converting a linguistic control strategy based 

on expert knowledge into an automatic control strategy.  

Methodology: A survey of the FLC is presented; a general methodology for 

constructing an FLC and assessing its performance is described; and problems 

that need further research are pointed out. In particular, the exposition includes 

a discussion of  fuzzification and defuzzification strategies, the derivation of the 

database and fuzzy control rules, the definition of fuzzy implication, and an 

analysis of fuzzy reasoning mechanisms. 

Comment: Fuzzy  logic controller plays important role in current controlling 

method. 

88 Electrostatic forces and 

their effects on 

capacitive mechanical 

sensors 

Robert Puers, 

Daniel 

Lapadatu 

Sensors and Actuators 

A 56 (1996) 203-210 

Purpose of the study: This paper describes the electrostatic forces developed 

between the plates of capacitive mechanical sensors built in crystalline silicon 

and their effects on the measurement and the fabrication process.  

Methodology: In single capacitive sensors the electrical forces can introduce 

offset errors in the measuring process, or can cause the collapse of the sensing 

structure or jeopardize the functionality of the final device due to the sticking or 

even bonding of the movable parts. Also it is investigated how the limits are 

affected when sealing down the dimensions of the sensors. 

Results: Finally, some solutions to avoid the negative effects of the electrostatic 

forces are proposed. 

Comment:  Electrostatic forces are explained thoroughly. Good for 
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understanding in electrostatic force. 

89 Rotational Speed 

Measurement Through 

Electrostatic Sensing and 

Correlation Signal 

Processing 

Lijuan Wang, 

Yong Yan, 

IEEE TRANSACTIONS 
ON 
INSTRUMENTATION 
AND MEASUREMENT, 
VOL. 63, NO. 5, MAY 
2014 

Purpose of the study: Rotational speed is a key parameter for the condition 

monitoring and control of rotating machineries, such as generators, 

electromotors, and centrifugal and machine tool spindles. It is essential for 

precision machining and early warning of faults to measure rotational speed in 

real time.  

Methodology: This paper presents the principle and application of electrostatic 

sensors and correlation signal processing techniques to realtime measurement 

of rotational speed. The electrostatic sensors and signal conditioning and 

processing units were designed and implemented. Experimental tests were 

conducted on a laboratory-scale test rig under a range of conditions including 

different diameters of the shaft.  

Results: The results obtained suggest that the distance between the electrodes 

and the surface of the rotating object is a key factor affecting the performance of 

the measurement system. The system performs better in terms of accuracy and 

repeatability at a higher rotational speed (>1000 r/min) as more electrostatic 

charge is produced on the rotating surface. High and stable correlation 

coefficients acquired during the tests suggest that the measurement system is 

capable of providing reliable measurement of rotational speed under realistic 

industrial conditions. 

Comment: Distance between the electrode and surface of the rotating system 

will affect the measurement. 

90 Spatial filtering 

characteristics of 

electrostatic sensor 

matrix for local velocity 

measurement of 

pneumatically conveyed 

Jian Li, 

Chuanlong Xu, 

Shimin Wang 

Measurement 53 

(2014) 194–205 

Purpose of the study: The accuracy of local particle mean velocity measurement 

with spatial filtering method based on an electrostatic sensor matrix (ESM) is 

closely related to its sensitivity and spatial filtering characteristics. 

Methodology:  In this paper, the three-dimensional electrostatic field generated 

by a point charge in the sensing zone of the ESM is solved by using a finite 
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particles element method to obtain the spatial sensitivity distributions of the ESM. 

Further a dimensionless calculation model for the sensitivity of the ESM is 

suggested based on a Cosine function. The numerical results demonstrate that 

the spatial sensitivity has a periodic distribution along the axial direction and its 

spatial periodicity is determined by the axial spacing between two adjacent 

electrodes. The sensitivity over the central cross-section is localized. The spatial 

filtering characteristics of the ESM are also investigated and verified by 

experiments on a gravity-fed rig.  

Results: These results provide a basis for the optimized design of the ESM. 

Charge is generated on the particles due to collisions between particles and pipe 

wall in a gas–solid flow system. Particle charging is a comprehensive interaction 

result of gas–solid two-phase flow dynamics such as the flow characteristics, the 

regime and the energy exchange, material and configuration of the pneumatic 

conveyor and the particle properties (particle size and shape, work functions, 

impurities, particle surface roughness, moisture content of particle, volume 

resistivity, permittivity. Thus, the charge carried by particles in the gas–solid flow 

contains rich flow information on particles movement, individual particle sizes, 

collisions between particles and pipewall, clusters or agglomerates (temporary 

or persisting) 

Comment: Electrostatic sensor matrix 

 

91 Local Particle Mean 

Velocity Measurement 

in Pneumatic Conveying 

Pipelines Using 

Electrostatic Sensor 

Arrays 

Shengnan 

Wang, Jian Li , 

Chuanlong Xu 

& Shimin Wang 

Particulate Science 
and Technology: An 
International 
Journal,(2014) 

Purpose of the study: In this paper, a measurement system for the local mean 

velocity of pneumatically conveyed particles is proposed and developed. It 

mainly consists of electrostatic sensor arrays, signal conditioning circuits and a 

digital signal processor (DSP)-based data acquisition & processing unit. 

Electrostatic sensor arrays are used to detect the charge on particles in its 

sensing zone and further make the local particle mean velocity measurement in 

conjunction with cross-correlation method. The sampling frequency is 
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determined from theoretical analysis of the bandwidth of electrostatic signal and 

accuracy of correlation velocity calculation.  

Methodology: Experiments are carried out on a belt conveyor and a  gravity-fed 

particle rig to determine the optimized sampling number of the electrostatic 

signal through analyzing the measurement error of the transit time. The results 

showed that the more sampling numbers, the higher stability of measurement 

results. The repeatability of the measurement system is less than ±2.2% and the 

linearity is better than ±4.9% over the velocity range of 5.50-21.98 m/s. 

Experiments are also performed on a high-pressure dense-phase pneumatic 

conveying system of pulverized coal,  

Results: indicating that the measurement system is capable of achieving local 

mean velocity measurement of pneumatically conveyed particles with the 

relative standard deviation less than 5.5%. 

Comment: Local mean velocity of the conveyed particles is explained. 

92 Mathematical modelling 

and experimental 

validation of 

electrostatic sensors for 

rotational speed 

measurement 

Lijuan Wang 

and Yong Yan 

Meas. Sci. Technol. 25 

(2014) 115101 (12pp) 

Purpose of the study: Recent research has demonstrated that electrostatic 

sensors can be applied to the measurement of rotational speed with excellent 

repeatability and accuracy under a range of conditions. However, the sensing 

mechanism and fundamental characteristics of the electrostatic sensors are still 

largely unknown and hence the design of the sensors is not optimised for 

rotational speed measurement. 

Methodology:  This paper presents the mathematical modelling of strip 

electrostatic sensors for rotational speed measurement and associated 

experimental studies for the validation of the modelling results. In the modelling, 

an ideal point charge on the surface of the rotating object is regarded as an 

impulse input to the sensing system. The fundamental characteristics of the 

sensor, including spatial sensitivity, spatial filtering length and signal bandwidth, 

are quantified from the developed model. The effects of the geometric 

dimensions of the electrode, the distance between the electrode and the rotor 
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surface and the rotational speed being measured on the performance of the 

sensor are analyzed.  

Results: A close agreement between the modelling results and experimental 

measurements has been observed under a range of conditions. Optimal design 

of the electrostatic sensor for a given rotor size is suggested and discussed in 

accordance with the modelling and experimental results. 

Comment: The sensor design for rotational speed measurement is optimized. 

93 Finite-element method 

modeling in 4 and 16 

sensors electric-charge 

tomography systems for 

particles moving in 

pipeline 

Iliya Tizhe 

Thuku, Mohd 

Fua’ad Rahmat 

Flow Measurement 
and Instrumentation 
38 (2014) 9–20 

Purpose of the study: 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. 

Methodology:  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.  

Result: 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. 

Comment: The tomography imaging is enhanced. 
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94 Fast multielement 

phase-controlled 

photoacoustic imaging 

based on limited-field 

filtered back projection 

algorithm 

Diwu Yang, Da 

Xing, Huaimin 

Gu, Yi Tan  and 

Luming Zeng 

APPLIED PHYSICS 

LETTERS 87, 194101 

,2005, AIP 

PUBLISHING 

Purpose of the study: To use multielement phase-controlled back-projection 

algorithm for photoacoustic imaging. 

Methodology: In this paper, the multielement phase-controlled back-projection 

algorithm are used to investigate the two-dimensional fast noninvasive 

technique and the limited-field -filtered photoacoustic signal-to-noise ratio,  one 

needs not to average the data and can acquire them in less than 5 s. The later 

can greatly improve the lateral resolution of the multielement linear transducer 

array imaging system from 1.5 mm to 0.24 mm.  

Results: This method and system can provide a fast and  reliable approach to 

photoacoustic imaging that could be applied to  noninvasive imaging and clinic 

diagnosis. 

Comment: Photoacoustic imaging is improved in terms of resolution and time 

taken to acquire them by using multielement phase-controlled back-projection 

algorithm. 

95 Solids flow imaging and 

attrition studies in a 

pneumatic conveyor 

S.L. McKee, T. 

Dyakowski, 

R.A. Williams, 

T.A. Bell, T. 

Allen 

Powder Technology 

82 (1995), 105-113, 

ELSEVIER 

Purpose of study: This work describes the first application of a non-invasive 

capacitance tomographic technique to monitoring the behaviour of industrial-

scale pneumatic conveyors.  

Methodology: A study of particle (sea salt) attrition is reported using a conveying 

line 32 m in length. It is demonstrated that particle breakage can be described as 

a function of the conveying velocity and solids-gas loading factor. Particle 

breakage is described in terms of the mass-specific surface area, and is seen to 

increase with conveying velocity. 

Results: Particle breakage rates are found to be inversely related to the solids 

loading factor.   

Comment: 8 electrodes are places around the pipeline in a non-invasive 



 
 

63 
 

manner. The number of measurement that can be obtained from n number of 

electrodes are, N=n(n-1)/2.   

96 Flow Measurement of 

Pneumatically Conveyed 

Biomass-Coal Particles 

Using Multi-Channel 

Electrostatic Sensors 

Xiangchen 

Qian,Yong 

Yan,Alf 

Malmgren 

Instrumentation and 

Measurement 

Technology 

Conference (I2MTC), 

2011 IEEE, Binjiang, 

10-12 May, pg 1-6 

Intro: Key parameters such as particle velocity and concentration of biomass-

coal flow in fuel injection pipelines are useful to power plant operators to detect 

fuel supply problems at an early stage. 

Purpose of the study: This paper presents the use of a multi-channel 

electrostatic sensor with circular and arc-shaped electrodes for the on-line, 

continuous measurement of “local” and “mean” characteristics of the biomass-

coal mixture flow. 

Methodology: Experimental tests were conducted on a laboratory-scale particle 

flow test rig under various flow conditions.  

Results: The results suggest that, due to physical differences between biomass 

and coal particles, the characteristics of the flow depend on the biomass 

proportion in the mixture. It is found that pure coal particles travel faster and 

carry more electrostatic charge than those of pure biomass particles. As more 

biomass is added to the coal flow, the overall velocity of the flow slows down, 

the electrostatic charge level decreases, and the flow becomes less stable 

compared to the pure coal flow.  

Comment: The cross-correlation technique measures the similarity between 

upstream and downstream signals by calculating their correlation coefficient. 

   

97 Spatial Selectivity of 

Linear Electrostatic 

Sensor Arrays 

Chuanlong 

Xu,Shimin 

Wang , Yong 

Yan 

Instrumentation and 

Measurement 

Technology 

Conference (I2MTC), 

2011, Binjiang, 10-12 

May, pg 1-6 

Purpose of the study: The signal quality and measurement accuracy of the 

spatial filtering method for particle velocity measurement based on a linear 

electrostatic sensor array are dependent on the spatial filtering characteristics of 

the array. 

Methodology: In this paper the charge induced on a circular linear electrostatic 

sensor array with different geometric sizes from a single particle having a unity 
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charge was modeled mathematically, and the three-dimensional electrostatic 

field due to the point charge in the sensing zone of the array was solved using a 

finite element method. Furthermore, a computational model of the non-

dimensional sensitivity of the array was suggested based on the cosine function 

and its spatial filtering characteristics were also described quantitatively. 

Results: These results provide a basis for the performance improvement and 

optimal design of linear electrostatic sensor array for particle velocity 

measurement. 

Comment: Electrostatic sensor also acts as filter in the spatial frequency 

domain. To improve spatial selectivity and achieve narrow-band pass filtering 

characteristics, a circular electrostatic sensor array (LESA) is proposed. 

Schematic model of LESA is described. 

98 A Comparative Study of 

Rounded and Strip 

Electrostatic Sensors for 

Non-Contact 

Measurement of Cable  

Speed 

Shaun J 

Rodrigues Yong 

Yan  

Instrumentation and 

Measurement 

Technology 

Conference (I2MTC), 

2012, Graz, 13-16 

May, pg 1159-1162 

Purpose of the study: This paper presents the recent progress in the design and 

implementation of a rounded electrostatic sensor for the speed measurement of 

non-flat static materials such as rounded cables in comparison to a strip type 

electrostatic sensor. 

Methodology: Experimental tests were conducted on a motorized test rig for a 

speed ranging from 0.50m/s to 10m/s. The advantages and limitations of the two 

types of electrostatic sensor for non-contact speed measurement are discussed 

in detail.  

Results: The results indicate that the rounded sensor outperforms the strip type 

sensor in terms of sensitivity, signal-to-noise ratio, repeatability, and accuracy. 

Comment: Cross-correlation method is used. Strip type sensor is not suitable 

for application such as cables that can bounce which can cause instability to 

the sensor.  A rounded sensor is prosed which is more stable. 
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99 Electric Charge 

Tomography Imaging 

Using Finite Element 

Method and Pro-rata 

Distribution 

I. T. Thuku G. 

S., M. F. 

Rahmat, T. 

Tajdari 

2012 8th IEEE 

Conference on 

Industrial Electronics 

and Applications 

(ICIEA), Melbourne, 

VIC, 19-21 June, pg 

90-95 

Intro:Tomography is a cross-sectional distribution of materials in some region of 

interest such as cross-section of a pipeline. The technology is widely applied in 

order to optimize the production efficiencies in process industries that uses 

pipeline for conveyance. 

Purpose of the study: In this paper the elements and coordinates interpolation 

techniques of the finite-element method; Cartesian coordinate system, Gauss 

and Coulombs electrostatic laws were applied to model the system equation 

with sixteen electrodynamic sensors.  

Methodology: However, Matlab program was designed to structurally mesh 

cross-section of the conveying pipeline into triangular elements which serves as 

the image pixels.  

Results: From the modeled system equation, charge spatial sensitivity map for 

the problem domain was made. The sensitivity matrix obtained, was used to 

reconstruct the tomography image of the moving particles using Filtered Back 

Projection and Pro-rata distribution concepts. The combination of the filtered 

back projection and Pro-rata distribution concepts introduced in the paper, gave 

a good tomographic image that shows the concentration profile of moving 

particles through pipeline. 

Comment: Tomography imaging can be used to optimized the production 

efficiencies while avoiding physical contact with the measured materials.  

100 Non-contact strip speed 

measurement using 

electrostatic sensors 

Yong Yan, 

Zizhuo Xie, Jan 

Krabicka, 

Jiaqing Shao 

2010 IEEE 

Instrumentation and 

Measurement 

Technology 

Conference (I2MTC, 

Austin, Texas, 3-6 

Purpose of the study: Accurate strip speed measurement is desirable in certain 

manufacturing industries. This paper presents the recent development in the 

non-contact measurement of strip speed using electrostatic sensors in 

conjunction with correlation signal processing techniques.  

Methodology: A pair of narrow strip electrodes is used to derive signals from a 

moving solid surface. The speed of the solid surface is then determined from the 
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May, pg 1535-1538) known spacing between the electrodes and the time delay between the two 

signals. Experimental tests were conducted on a motorized cable speed test rig 

under a range of conditions. An optical tachometer was used as a reference 

instrument to assess the accuracy of the new strip speed measurement system. 

Basic sensor design considerations and the advantages and limitations of the 

method are addressed.  

Results: Results demonstrate that the technique is capable of measuring strip 

speed with a relative error no greater than ±1.5% and a repeatability of better 

than 2%. 

Comment: It has been found that a shorter distance between the sensor board 

and the strip produces slightly better results in terms of accuracy and 

repeatability over most of the test conditions. In addition, a faster strip speed 

yields better measurement results because of the higher charge produced on 

the strip.  

 

 

 


