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ABSTRACT

This thesis presents an investigation into the application of electrodynamic sensors to a

tomographic imaging system.

Several sensing mechanisms for measurement using non-intrusive techniques are
discussed and their relevance to pneumatic conveying considered. Electrical charge
tomography systems are shown to be worthy of investigation. Electrodynamic sensors
are inherently low cost and simple 1n concept. This sensor 1s used to detect the inherent
charge on dry, moving solids. Models are developed to predict the sensitivity of
circular and rectangular electrodes. The spatial filtering effect of these sensors 1s
investigated. Cross correlation 1s briefly reviewed and a software program is presented
and tested. For tomographic imaging the forward problem for the individual sensors 1s
modelled, used to solve the inverse problem and derive the linear back projection and

filtered back projection algorithms.

The design of the electronic circuitry which forms the transducer 1s presented. The
gravity drop flow rig 1s described and the relationship between sand flow and plastic
bead flow relative to the flow indicator setting determined. The dual 16-channel sensor
array measurement section is described. Flow models are developed and used to predict

the relative output voltage profiles expected from the sensor arrays.

The linearity and frequency bandwidth of the sensor electronics 1s measured. The effect
of sensor size on sensitivity and spatial filtering are investigated for circular and

rectangular electrodes.
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Estimates of the solid concentration of flowing particles are made using individual
sensors. Concentration profiles are generated and compared with predicted values.
Peripheral velocities of the flowing material are determined from transit times

calculated by cross correlation of upstream and downstream sensor signals.

Concentration profiles are calculated using linear back projection and filtered back
projection algorithms from data measured by the sensor arrays. Velocity profiles are
obtained by cross correlation of upstream and downstream pixel concentration values.

Estimates of the mass flow rate are obtained by combining concentration and velocity

profiles.

Suggestions for further work on electrodynamic sensors and tomographic measurements

are made.
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CHAPTER 1

Introduction

1.1 An overview of process tomography

Tomography 1s an interdisciplinary field concemed with obtaining cross-sectional, two-
dimensional 1images of three-dimensional objects (Scott 1995). The word tomography
can be defined briefly as a slice of a picture. The Helicon encyclopaedia defines
tomography as the obtaining of plane section images, which show a slice through an
object. In this project, the objective 1s to use arrays of electrodynamic sensors as the
primary sensors to make tomographic measurements 1n pneumatic conveyors
transporting dry powders. The measured data will be processed to generate, off-line, an
image which displays the concentration and velocity profile over a cross-section of the

CONveyor.

The tomographic imaging of objects offers a unique opportunity to unravel the
complexities of structure without the need to invade the object (Beck and Williams
1996). The development of tomographic instrumentation, started in the 1950s, has led
to the widespread availability of body scanners, which are so much a part of modern
medicine. Nowadays there is an increasing need to know more about the exact way the
internal flows in process equipment are behaving. These needs occur because industry
is under pressure to utilise resources more efficiently and to satisfy demand and
legislation for product quality and reduced environmental emissions. Tomographic

instrumentation otfers non-invasive techniques and robust sensors to solve industrial

needs. It also includes tomographic imaging methods to manipulate the data from



remote sensors in order to obtain precise quantitative mformation from inaccessible

locations (Dickin et al 1991 a).

The basic idea of process tomography 1s to install a number of sensors around the pipe
or vessel to be imaged. The sensor output signals depend on the position of the
component boundaries within their sensing zones. The output signals are conditioned
and 1nput to a computer which 1s used to reconstruct a tomographic image of the cross
section being observed by the sensors. These images have the potential to provide

information on concentration, velocity, component volume flow rate and particle size

measurements.

Process tomography essentially evolved during the mid-1980s (Beck and Williams
1996). A number of applications of tomographic imaging of process equipment were
described 1n the 1970s, but generally these involved using ionising radiation from x-ray
or 1sotope sources (Beck and Williams 1996). They were not satisfactory for the

majority of process applications on a routine basis because of the high cost involved and

safety constraints.

In the 1980s work started at UMIST, England on electrical capacitance tomography for
imaging multi-component flows from o1l wells and 1n pneumatic conveyors (Beck and
Williams 1996). At the same time at the Morgantown Energy Technology Centre USA,
a capacitance tomography system were designed for measuring the void distribution in

gas fluidized beds (Beck and Williams 1996). Also in the mid-1980s medical scientists

started to realise the potential of electrical impedance tomography (measuring electrical

resistance) as a sate, low-cost method for imaging the human body. This work was



done at the Sheffield University Royal Hallamshire Hospital in the UK and Rensselaer

Polytechnic Institute in the USA (Beck and Williams 1996).

In 1988 work started at UMIST on the development of electrical impedance tomography
(EIT) for imaging vessels containing electrically conducting fluids (Beck and Williams
1996). The difference between medical EIT and process EIT i1s medical EIT measures
the location of objects in space, whereas process EIT needs to measure both the location

and the velocity of movement (Beck and Plaskowski 1987).

By 1990, process tomography was maturing as a potentially useful technique for
application to industrial process design and operation. Therefore a four year programme
was established called the European Concerted Action on Process Tomography with
aims to organise workshops on tomography. The ECAPT workshops (Manchester
1992, Karlshrue 1993, Porto 1994 and Bergen 1995) reported new sensing techniques,
new algorithms and began to address the fundamental challenges such as spatial
resolution, speed of acquisition, quality of information and other factors that are

essential to make the technology acceptable to industnal practice.
1.2 Pneumatic conveying

Pneumatic conveying 1s utilised extensively to transport dry powders and granular
materials (Brown et al 1996). Materials handled by this means in industry range from
lumps of coal and crushed ores 1n the mining industries to pellets and fine powders of
polyethylene, PVC and polypropylene in the chemical industries (Brown et al 1996).
Pneumatic conveying systems are in concept quite simple and are eminently suitable for
the transporting of materials in factory, site and plant situations. The basic system

requirements are a compressor, a device for entraining the conveyed material, the



conveying pipeline and a receiver to disengage the conveyed material and carrier gas.

The capability of a system for conveying material depends upon the pipeline geometry,
the conveying parameters and the properties of the conveyed material (Brown et al
1996). Some of the conveying parameters of importance are the flow velocity, the
distribution of gas/solid fraction, drag factor, particle shape, particle density and the

pressure gradient distribution of the matenial.

These may all contribute to the different flow characteristics or regimes in the
conveying pipeline, and thus effect the efficiency of energy consumption (Beck 1986)

or cause blockage and damage to pipes.

In horizontal pneumatic conveying, the flow regimes generated depend primarily upon
the conveying gas velocity. In dense phase transport, where the conveying gas velocity
1s relatively low, the distribution of solid particles tend to become non-uniform and

form a moving bed on the base of the pipeline.

In discussing sensors for light phase conveying the author has assumed that the solids
are generally dispersed through the conveyor, but uniformity is not implied as shown 1n

figure 1.1.

Dispersed homogeneous flow Dispersed non-homogeneous flow

Roping flow

Figure 1.1. Light phase conveying



The solids phase density is defined by any of the following:
e The ratio of gas volume to solids volume 1s greater than to 20:1 V/V
e which corresponds to a solids concentration or loading of up to 5%.

e or ratio of the mass of solids to the mass of gas i1s up to 50:1 kg/kg

Another type of conveyor i1s the gravity drop feeder. It 1s a form of conveyor where

gravity produces the movement of the particles and 1s used 1n the work presented in this

thesis.
1.3 Aims and objectives of the thesis

The aim of the thesis 1s to investigate the feasibility of using electrodynamic sensors for

concentration measurement, velocity measurement and tomographic 1maging of

solids/gas flows.

The specific objectives of this thesis are to :

1. Become familiar with the concepts of process tomography, associated sensor

technology and the electrodynamic sensor.

2. Investigate design parameters associated with using electrodynamic sensors and

produce a model of an electrodynamic concentration measurement system.
3. Design and test an electrodynamic sensor which will detect dry flowing powders.

4. Design and 1mmplement two arrays of electrodynamic sensors, upstream and

downstream around a measurement section.



5. Design and implement an electronic measurement system which will provide data

from the electrodynamic sensors in a form suitable for processing to produce

concentration profiles, tomographic 1images and particle velocity determination.

6. Develop a reconstruction algorithm enabling data from the electrical charge

measurement system to be processed and displayed to show concentration profiles

and tomographic images.

7. Investigate the use of cross correlation of pixels of upstream and downstream

concentration profiles to determine the velocity profile.

8. Test the complete system on a gravity drop conveyor using a range of dry matenals.

9. Investigate the calculation of mass flow rate based on concentration and velocity

information.

10. Consider the work presented 1n this thesis and make suggestions for further work.

1.4 Organisation of the thesis
Chapter one presents an introduction to process tomography.

Chapter two presents an overview of several sensing mechanisms for measurement of

pneumatically conveyed dry solids such as capacitance, optical fibre, ultrasonic and

electrodynamic.

Chapter three consists of two parts. The first part describes modelling to predict the

electrodynamic sensor output voltage profiles arising from different, artificially

produced flow regimes. The second part describes an image reconstruction method for

electrical charge tomography.



Chapter four discusses the complete electrical charge tomographic measurement system,

including sensor design, sensor array configuration, data acquisition system, the flow rig

and artificial flow baftles.

Chapter five presents experiments on sensitivity and spatial filtering effect and results of

electrodynamic sensor performance.

Chapter six presents results of concentration and velocity measurements

Chapter seven presents results of concentration profiles, velocity profiles and

tomographic images.

Chapter eight presents mass flow rate calculations.

Lastly chapter nine discusses the conclusions to be drawn from this work and makes

suggestions for future work.



CHAPTER 2

Review of Sensors in Pneumatic Conveying

Chapter summary

Four type of sensors suitable for tomographic imaging of pneumatically conveyed dry
powders are reviewed. The types of sensor are capacitance, optical fibre, ultrasonic and

electrical charge/electrodynamic.

2.1 Introduction

This chapter provides an overview of measurement systems for process tomography

applications. A basic system for process tomography 1s shown 1n figure 2.1.

Figure 2.1 : Process Tomography System.
Three basic components 1n a process tomography system are :-
(a). The sensors
(b). The data acquisition system

(c). The image reconstruction system and display.

2.2 Tomography sensors

Sensor technology 1s the most essential and critical part of any measurement system
(Dickin et al 1991a). The sensors in a tomography system are usually placed in a

circular array around the circumference of the process vessel. This is to provide

multiple projections of the object or event being measured. The main advantage derived



from such a configuration is multi-component spatial distributions can be obtained
through image reconstruction techniques (Dickin ef al 1991 a). The following
subsection provides a short review of several process tomography systems currently

being investigated.
2.2.1 Electrical Capacitance Tomography (ECT)

Electrical capacitance tomography (ECT) systems have been developed at UMIST
(Huang et al 1991) based on transducers developed by Huang (Huang et al 1988).
Huang’s capacitance measuring circuit 1s based on the charge transfer principle. A
number of capacitance electrodes 1s mounted on the circumference of a flow pipe and
interrogated in turn by electronic control. Measurements are based on changes in
capacitance values between electrodes due to the variations in permittivities of the

flowing matenial.

Capacitance systems are suitable for medium to high solid loading in process conveyors
(Isaksen and Nordtvedt 1992). However, as the solids loading decreases the systems
fail to produce meaningful images because of the relatively low signal to noise ratio of
the capacitance to voltage transducer and non-uniform sensing fields (Xie 1993). The
existing ECT systems are unsuitable for light phase pneumatic conveying systems. At
present ECT 1s not at all suitable for light phase pneumatic conveying for solid
concentrations below 10:1 V/V. Also the relatively low spatial bandwidth of ECT

system restricts their application in velocity determination.

2.2.2 Optical fibre tomography

Optical fibre sensors can be applied in process tomography to produce concentration

profiles for solids transported both by gas and liquid (Green et al 1995). This paper



investigates the use of a single optical fibre transducer (which is part of a 16 x 16
tomographic sensor array) to measure cross sectional variations in bulk concentration
due to flowing solids and one aspect of the dynamic response of the sensor by
determining the spatial filtering effect (Hammer and Green, 1983) of a range of
multimode plastic fibres. Optical fibres exhibit high linearity when used to measure
solid flow rates and show good agreement between predicted and measured values for
the spatial filtering effect. These results demonstrate the suitability of low cost optical
fibre sensors for monitoring flowing materials. In particular, optical fibre frequency
bandwidth, when used to measure passing objects 1s very high (Ghassemlooy 1992),
typically tens of kilohertz. This high bandwidth makes them suitable for velocity

measurement using cross correlation techniques (Yan et al 1995a).

Optical fibre can be used as a process tomography sensor to view the cross section of a
process and provide information relating to the matenals distribution (Abdul Rahim et
al 1996). This involves taking measurements from sensors placed around the section of
the process being investigated and processing the data to reconstruct an image. The
optical sensor model (Abdul Rahim 1996) 1s based on path length and predicts the
expected sensor output voltage profiles anising from different, artificially produced flow
regimes. These artificial flow regimes are created by placing a shaped obstruction
inside a gravity drop conveyor in the path of the flowing solids. An image
reconstfuction algorithm for optical tomography based on the back projection (Nordin
1995) between view lines algorithm i1s used to generate tomographic images as a
representation of the data on concentration measurement. The disadvantages of the

optical system are dust that blocks the beam and the high cost needed to construct the

system.

10



2.2.3 Ultrasonic tomography

Instrumentation systems employing a variety of ultrasonic techniques have been applied
to a wide range of measurements 1n the chemical and process industries (Asher 1983).
Ultrasonic sensors can be applied for process tomography in pneumatic conveying due
to the successful application within the fields of non-destructive testing and medical
diagnosis (Brown et al 1996). A tomographic technique is being developed for imaging
gas-solid flow distributions in pneumatic conveying pipelines. The technique utilises
ultrasonic transmission-mode measurements constrained to the megahertz region.
Image reconstruction 1s performed by an efficient back projection method implemented
with a standard graphic algorithm. Key 1ssues 1in the application of ultrasound to gas-
solids flow can be identified by considering some fundamentals of pipeline and flow

medium characteristics. A brief summary of these 1ssues 1s given below.

(1). The mismatch between the low acoustic impedance of the continuous (gaseous)

component of the flow and conventional piezoceramic material results in greatly

reduced transducer performance (Reilly et al 1994).

(11). The dynamic nature of the flow and the relatively low propagation velocity of
sound impose demanding temporal constraints on data acquisition because flow

characterisation should be performed at a fast rate relative to the changes within the

flow ( Brown et al 1995).

(ii1). Ultrasonic measurement of the solids distribution is dependent on complex

interactions between the transmitted ultrasound and the flow (Brown et al 1995).

11



2.3 Electrical charge tomography

Electrical charge tomography is a technique based on using electrodynamic sensors. A
non-intrusive electrodynamic transducer can measure phase density and velocity on
industrial pneumatic conveying systems where the solids/gas ratio is low and the solids
turbulently conveyed (Shackleton 1982). Shackleton surveyed several different
methods of mass flow rate measurement and discusses the limitations associated with
these methods. She also studied the relationship between mass flow rate to streaming
charge and derived a mathematical model relating the turbulence of the conveying air to
the changes 1n charge detected by the sensing electrode. In her experimental work,

Shackleton used two types of sensor, the ring electrode and the probe electrode.

Beck (1986) used electrodynamic transducers for cross correlation velocity
measurement of solids in pneumatic conveyors. Beck’s project relates to an
instrumentation and control system which provides minimum cost conveying for a

variable solids feed rate and composition, in a lean phase vertical pneumatic conveyor.

Gregory (1987) applied electrodynamic sensors to measure the velocity of shot leaving
the nozzle of a commercial shot peening machine. Gregory used two axially spaced
electrodynamic sensors to detect electrostatic variations within the flow. The sensors
are used to sense the random changes in induced charge (shot charge inherent in the
mechanical acceleration process) arising from the turbulent nature of pneumatic
conveying. The electrical charges induced into the electrodes are amplified. The
velocity of the shot 1s determined by cross-correlating the signals from the two sensors,
which yields the shot flow transit time, T, between them. This time delay, T, is then

related to the shot velocity by v = s/T where s is the axial separation of the two
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electrodynamic sensors. High speed cine photography was used for calibrating shot
velocities using the measurement system, and has shown both methods for determining

the velocity of shot leaving the nozzle to be in agreement.

Bidin (1993) investigates four techniques of characterising particulate processes using
electrical charge tomography. These techniques are the multi-sensing of electrical
charge 1n a cross-section, a neural network based classifier for flow regime
1dentification, cross correlation based velocity determination and spectral analysis of
electrodynamic signals. Bidin 1n his thesis developed single charged-particle, two
charged-particles and mult1 charged particles models to simulate the induction effect on
a sensor by charge. His tomographic measurement system consists of sixteen sensors
equally spaced around the boundary of a circular 81 mm 1nside diameter pipe. This 1s a
single slice tomographic measurement. The flowing material in his conveying system 1is
a sand consisting mainly of 600 micron sized particles which are used for measurements
of the induced voltages due to different flow regimes. The voltage profile from the
sixteen sensors gives spatial information about the flow regime and after normalisation,
the profile is fed to a Kohonen neural network which classifies the data and provides

flow regime 1dentification.

The electrodynamic sensor has a high spatial filtering bandwidth (section 5.3), which
makes it a very usetul for velocity determination (Shackleton 1982). It has limitations
which arise because of the tribo electrification phenomena (Shackleton 1982) so that the
level of charge on a particle can vary depending upon material, size, shape, humidity
etc. However, 1t 1s 1nteresting to investigate its use and limitations as a sensor for

measurement of concentration, velocity and volume flow rates in a tomographic system,

which 1s the subject of this dissertation.
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CHAPTER 3

Mathematical Modelling

Chapter summary

Models are developed to predict the sensitivity of circular and rectangular electrodes.
The spatial filtering effect of these sensors 1s investigated. Cross correlation is briefly
reviewed and a software program 1s presented and tested. For tomographic imaging the
forward problem for the individual sensors 1s modelled, used to solve the inverse

problem and derive the linear back projection and filtered back projection algorithms.

3.1 Introduction

This chapter consists of four parts. The first part describes the sensor design in terms of
sensitivity and spatial filtering. The second part describes the cross correlation function.
The third part describes modelling to predict the sensor output voltage profiles arising
from different artificially produced flow regimes. The method used to produce the flow
regimes 1s described. The fourth part describes the back projection algorithm used for

tomographic 1mage reconstruction in chapter seven.

3.2 Sensor design

In this section, sensor design 1s based on two important characteristics 1.e. sensitivity

and the spatial filtering effect.
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3.2.1 Sensitivity

Sensitivity can be defined as the change in output of the transducer due to a change in

the mass flow rate and the unit of the sensitivity 1s volts/gram/second.

3.2.1.1 The induction model

For a single charged particle, q, the field E is uniformly radial over its surface

(Duckworth 1960),

gL, | (3.1)
4re R’

where €, 1s the permittivity of free space (8.854e-12 F/m) and air (relative permittivity
1) 1s the dielectric medium. It 1s assumed 1n this model that the field results 1n a charge
appearing on the surface of an electrode used to sense the change in potential at a point

on the wall of a non-conducting or dielectric pipe. Based on figure 3.1 and equation

(3.1), the flux at PQ 1s given by,

ISR (3.2)
4re (PQ)’

<— End view of sensor

I/2= Radius of the electrode sensor

PQ= Radius of sphere

pipeline

Figure 3.1 : Plan view of the model of a charged particle in the sensing volume

This view of the model 1s compatible with both circular and rectangular electrodes.

However further detailed analysis depends upon electrode shape.
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3.2.1.2 The response to a moving particle (flat ended, circular electrode)
Consider a particle p, carrying a charge q, travelling at a uniform velocity V,
constrained to pass a conducting circular, flat ended electrode (figure 3.2) along a path

which 1s perpendicular to the vertical axis of the electrode.

Au
y
<l C/L
A‘ R | 0
B2 , —R
AV /2 % ~
+ E_L( Q \ ' vV
X et b
0
V2 E | Eléctrode
X
<] | = | fEm-
Electrode
dimensions '

Figure 3.2. Isometric view of a charged particle approaching a flat ended, circular
electrode

The electric field, E, due to the charged particle at a distance PQ 1s

Ee— = (3.2)
4re , (PQ)

The component of this field normal to the sensor at this point, E |, 1s
E, = Esm¢cosf (3.3)

where angle QRR’ = 90° and RR’ 1s normal to electrode.

P it
ol sm¢-————QP and cos(:?———QR' (3.4)
B oa s X
OP QOR'
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X

E =E.
QP

Substituting from equation (3.2),

o ZE%Q_F)?' (SP) )
From figure 3.2,
(QP)* =(y-v)* +(QR")’ (3.6)
(OR')? = u® +x° (3.7)
R L . . \ S— (3.8)

) Azz, (OP) — dre, {(y— v)* +u’ +x2}%

The charge induced 1nto a small element of the electrode of area os 1s, (Yan et al 1995a)
dq'=—-¢ E, 0s (3.9)

substituting for E, ,

dqg'=—¢ -——qx—3.Au.Av (3.10)

/,

4re, {(y —v) +u’ 4+ xz}a—
Equation 3.10 must be integrated over the whole circular cross section of the sensor to

determine the induced charge total as shown 1n equation (3.11).

| 12 )

e a——

Cogx du
q'=—-—. Idv I 3 (3.11)
27 ! 2 2 | 5
-~ {(y—v) +u” +x }2
l
g'= - qx ]‘ > — 4v? .dv (3.12)
27 5 (x° + (y=v)?).(4x* +4y* = 8vy+ 1*)

Equation (3.12) cannot be solved implicitly. However it can be evaluated by

substituting numerical values for x, 1, q, and y using DERIVE software to give an
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induced charge signal as shown 1n figure 3.3. From equation (3.12), the current, 1’ is
given by

' ﬂ where y = Vt (3.13)

ot

The variation 1n current signal, | 1’| due to the position of the charged particle p is

shown 1n figure 3.4, assuming ¢ = 1 coulomb, ] = 10 mm and x = 10 mm.

Current vs distance from sensor

Induced charge vs. distance from sensor 140
0.00

120

10

QO
-
L%

Induced charge, q'

— —
_6 O ‘4 0 d2 0 0 2 0 4 O 6 0 . =50 40 ~30 -20 =10 (0 10 20 30 40 50

Distance from sensor, y

Distance from sensor, y

Figure 3.3. Induced charge vs. distance Figure 3.4. Current vs. distance from
from sensor for a circular sensor of sensor for a circular sensor of diameter
diameter 10 mm. 10 mm

3.2.1.3 The response to a moving particle (rectangular sensor)

Consider a particle p, carrying a charge g, travelling at a uniform velocity V,
constrained to pass a conducting rectangular electrode (figure 3.5) along a path which 1s

perpendicular to the vertical axis of the electrode.
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Electrode
dimensions

Figure 3.5. Isometric view of a charged particle approaching a rectangular
electrode

The electric field, E, due to the charged particle at a distance PQ 1s

LN S (3.2)
47e, (PQ)’

The component of this field normal to the sensor at this point, E |, 1s

q

E =———sina (3.14)
4re (PQ)’

The charge induced into a small element of the electrode of area os 1s, (Yan et al 1995a)
dq'= —& E 55 (3.15)

substituting from equation (3.14),

e b ana WAy (3.16)
dre. (PQ)’
but sina = - (3.17)
(PQ) |
. gx w
ndq'=—-——.—— A 3.18
v dr (PQ) o 2
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From figure 3.5,

(PQ)Y =(y-v) +X° (3.19)

Therefore the charge induced into the element os is

(3.20)
q = _gﬁ(ﬂ_ ]‘____L__s_ (3.21)
Ty -v) )
This has been integrated using DERIVE software giving,
v+) v-2)
SO L A [ G LN QY CE2)
4 | X° Ik % Ik zl;
{yz +yl+z+x2i| [yz —yl+z+x2}

For the rectangular electrodes investigated in section 3.2.2.2, w = 10 mm, x = 10 mm

and 1 1s varied from 20 mm to 300 mm. From equation (3.22), the current, I’ 1s given by

.49’

j'= where y = Vt (3.23)
dt

This has been solved using DERIVE software giving,

i 8.V.a.b.[(x’-y.c).b-(x"+y.d).a]-y.(4. x>’ -1"+4.y*).(c.b+d.a) (3.24)
- x*.a'.b’

where

a=+4.X+I"-4.l.y+4.y’ (3.25)
b=4.4.x> +1° +4.l.y +4.y’ (3.26)

c=1-2.y (3.27)
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d=1+2.y (3.28)
Results for this case have been evaluated for V= 5000 mm/s,q =1, x = 10 mm and w =

10 mm. The results for 1 = 20 mm are shown graphically in figures 3.6 and 3.7.

Induced charge vs. distance from sensor Current vs distance from sensor
0.2
[=5
S =, N
o —
5 =
> 0.1 3
O E 2
g -
E &
=
0
—200 ~100 0 100 200 —200 -100
Distance from sensor, y Distance from sensor, y

Figure 3.6. Induced charge vs. distance Figure 3.7. Current vs. distance from
from sensor for rectangular electrode sensor for rectangular electrode length
length 20 mm 20 mm

The results for 1 = 300 mm are shown graphically 1n figures 3.8 and 3.9.

Induced charge vs. distance from sensor Current vs distance from sensor
0.2
- ;
g B,
Qn —t
- -
=
©0.1 D 50
& =
= O
=
L=
0
-200  -100 0 100 200 —200 ~100
Distance from sensor, y Distance from sensor, y

Figure 3.8. Induced charge vs. distance Figure 3.9. Current vs. distance from
from sensor for rectangular electrode sensor for rectangular electrode length
length 300 mm 300 mm

3.2.2 Spatial filtering effect

The spatial filtering effect can be defined as the relationship between sensor size and the
frequency bandwidth of the transducer determined from the frequency response

obtained during a pulse which corresponds to a detectable particle.
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3.2.2.1 The flat ended, circular electrode
Assume that a charge in the form of a pulse p(t) of the conveyed component (termed a

concentration pulse) passes the electrode, of length d with velocity v as shown in figure

3.10 (Harmer and Green 1983).

pipeline ‘ i|:
\l/ earthed screen Q

oty " AR L e L pulse

p
induced I\ S ko, v/d

charge, Q
/
, electrodynamic
/ sensor electrode
(a) t

(b) d/v

Figure 3.10 : Time history of concentration pulse
If the electrostatic field between the sensor and screen are homogeneous and non

fringing, the charge pulse will create a change 1n the charge induced in the sensor which

can be described by a rectangular pulse of duration £ (figure 3.10 (b)). The amplitude
L
of the charge pulse can be determined from
L
AQ, =k~ fpp (t)dt (3.29)

where k is a constant of proportionality with appropriate dimensions. If the pulse of

e & .
concentration 1s short compared to — 1t can be regarded as a Dirac pulse :

D

p,(t) = p,o(t) (3.30)
where f&(t)dt =1 and p, 1s the amplitude of the concentration pulse.

The corresponding amplitude of the change in charge is

kp,U

AQ, = r

(3.31)
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and the charge response may be described by the following equation

AQ, (s) = (kjg“).(l—exp(—d—j)) (3.32)

where s is the Laplace variable = 6 + jw. Hence the electrode transfer function is
] kv ds
h(s) =(—).AQ,(s) = (—-).(1-exp(——)) (3.33)
ol ds L

This may be transformed into the frequency domain by replacing s with jw. Hence

h(jw)=(§‘-’-).(1—exp(—@’-)) (3.34)
i v
Equation (3.34) may be rewritten :
h(jo) =_’§.’.[sin(ﬂ)_j(1_cos(_“"i))] (3.35)
D U

and the amplitude frequency response for the transfer function between p, and AQ), 1s

AQ Sln(ﬂ)
h(jo)|= ; Pl k axziv (3.36)
20

This transfer function 1s plotted in figure 3.11. Equation (3.36) enables the transfer
function between conveyed component concentration and electrode sensor to be
measured by recording the response generated by a travelling pulse of concentration

passing between the electrodes provided that the pulse length 1s short compared to the

electrode length.
The transfer function minima occur when sin( 2— ) =0. Therefore 5——-=7t, 21, 37,........
v Y,
, VL O O
d minima when — = —, — — ...
anc d 27 4m 6

23



Theoretical frequency response

© © o
e (= o0

Amplitude of charge pulse

o
()

0
10 100 1000

Frequency (Hz)

Figure 3.11 : Theoretical transfer function, v =2 m/s, d = 0.01 m and f, = 200 Hz

3.2.2.2 The rectangular electrode

The rectangular electrodes are much longer than the flat ended, circular electrodes and
recordings of the voltage from the sensor, taken when investigating the spatial filtering
effect, are slightly different to those obtain from the flat ended, circular electrodes
(section 3.2.2.1). The analysis referred to above requi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>