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ABSTRACT

This research investigates the use of charge coupled device (abbreviated as CCD) linear
image sensors in an optical tomographic instrumentation system used for sizing
particles. Four CCD linear image sensors are configured around an octagonal shaped
flow pipe for a four projections system. The measurement system is explained and uses
four CCD linear image sensors consisting of 2048 pixels with a pixel size of 14 micron
by 14 micron. Hence, a high-resolution system is produced.

Three main mathematical models based on the effects due to particles, light sources and
diffraction are discussed. The models simulate the actual process in order to understand
the limitations of the designed system.

Detailed design of the optical tomography system is described, starting from the
fabrication of the ‘raybox ‘of the lighting system, the design of the driving circuit in the
detection system, the timing and synchronisation in the triggering system based on the
PIC microcontroller and the data acquisition system.

Image reconstruction for a four-projection optical tomography system is also discussed,
where a simple optical model is used to relate attenuation due to variations in optical
density, /R], within the measurement section. Expressed in matrix form this represents
the forward problem in tomography /S]/R]=[M]. In practice, measurements [M] are
used to estimate the optical density distribution by solving the inverse problem
[R]=[S]"' [M]. Direct inversion of the sensitivity matrix, /S/, is not possible and two
approximations are considered and compared — the transpose and the pseudo inverse
sensitivity matrices.

The designed instrumentation system is calibrated using known test pieces and tested
for accuracy. repeatability and consistency among measurements from different
projections. The accuracy of the particle size measurement using the system is within 1
pixel i.e. + 14 micron (the maximum absolute error of 8.5 micron), with the maximum
percentage error of 1.46%. Moreover, the system has a good repeatability and
consistency — within 1.25 pixel. The range of particle size that has been tested using the
system is between 0.18 mm up to 11 mm diameter. A spherical shaped and an irregular
shaped particle are tested on the designed system to complete analysis of the overall
performance of the system.

This thesis is concluded with achievements of objectives of the research, followed with
suggestions for future work.
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CHAPTER 1

INTRODUCTION

1.1 Background

Industrial processes are often controlled using process measurements at one or more
points. The amount of information contained in such measurements is often minimal,
and in some cases (multiphase flow) there are no adequate sensors [Scott DM, 1995].
To understand better certain chemical processes, a more sophisticated approach is
needed. Process tomography is a means of visualising the internal behaviour of
industrial processes, where tomographic images provide valuable information about the
process for assessment of equipment designs and on-line monitoring [Peyton AJ ef al,

1996].

There are several modalities used in process tomography such as electrical (impedance,
capacitance, inductance), radiation (optical, x-ray, positron electromagnetic (PET),
magnetic resonance) and acoustic (ultrasonic) [Beck MS and Williams RA, 1996].
Electrical tomography has relatively poor spatial resolution of about 10% of diameter of
cross section [Xie CG, 1993]. The X-ray computed tomography method is well known,
but specific safety procedures need to be followed by the operator. PET needs operator
intervention and radioactive particles. Ultrasonic tomography is complex to use due to
spurious reflections and diffraction effects and may therefore require a high degree of

engineering design [Beck MS and Williams RA, 1995].

Optical techniques are desirable because of their inherent safety (the transducer does not
require direct physical contact with the measurand), high efficiency [Kostov Y and Rao
G, 2000] and could improve manufacturing in the chemical industries [Leutwyler K,
1994]. For processes handling transparent fluids and where optical access is possible,
optical techniques can provide high-resolution images [Beck MS and Williams RA,
1995] i.e. 1% spatial resolution [Abdul Rahim R, 1996].



Particle sizing is very important for many industrial processes and has led to much
research. Typical problems relate to pulverised coal for combustion and liquid fuels,
spray characterisations, analysis and control of particulate emissions, industrial process
control, manufacture of metallic powders and the production of pharmaceuticals [Black
DL et al 1996]. The following diagram summarises the major techniques used in

particle-size measurements [Snowsill WL, 1995].

Particle Sizing

|
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Direct Methods Indirect Methods

y X y I 4 h 4 y A 4

Sieving | Microscopy | Direct Optical Coulter Counter [Hiac Automatic|Climet |Adsorption
Particle Sizer Method

Figure 1.1. A block diagram of particle sizing techniques.

The majority of the techniques are off-line, with direct optical providing the only truly
on-line measurement [Black DL ef al, 1996]. The existing on-line optical methods use
Fraunhofer diffraction to determine positions or angles of optical emission spectra
generally within a limited measurement volume, which sets a limit on the quality of
images produced by optical systems [Elliot KH and Mayhew CA, 1998]. Morikita et al
(1994) used the Fraunhofer response curve (size-intensity relationship) to measure
equivalent diameter of non-spherical particles ranging from 20 - 200 um; both these

methods are inferential.

Horbury et al (1995b) investigated transparent slurries with particle sizing and flow
profiles using optical fibres. An optical tomography system that uses optical fibre
bundles has problems in ensuring every fibre has similar optical characteristics [Ramli
N et al, 1999]. Thus, a system based on CCD devices is proposed which may provide
very high resolution (better than 1%), on-line measurement over the full measurement
cross section and high speed data acquisition based on proprietary items [Coufal H,

1995].



1.2 Aim of project

Particle characterisation, mainly particle size, is of great importance in many chemical

processes. The aim of this project is to investigate the feasibility of designing an on-line

optical tomographic instrumentation system for measuring particle size and to

reconstruct an image of the particle of interest based on the four projections of the

system in lightly loaded slurry conveyors i.e. solid/liquid flows.

1.3 Objectives of the project

1.

Investigate the use of a CCD linear image sensor to obtain measurements in
solid/liquid flow for a range of particle sizes from 10.5 mm down to 400 micron.
Model the system in order to understand the effects due to particle size and
transmissivity, light sources and diffraction.

Design a light projection system based on the models in Objective 2.

Investigate the use of four CCD linear image sensors that will be configured in four
projections around the pipe.

Design and build a complete four-projection measurement system.

Calibrate the four projections instrumentation system for measuring particle sizes
using known diameters between 400 micron and 10.5 mm.

Investigate the range of particle size which can be measured by the system and the
limitations imposed by the instrumentation system.

Design, implement and test a linear back projection algorithm based on four
projections to produce tomographic images. Two methods of solving the inverse
problem based on transpose and pseudo inverse matrices are used and compared.
Test the four projections instrumentation system for measuring a spherical particle

and an irregular shaped particle.

10. Discuss the system and the results, and make suggestions for future work.



1.4 Organisation of the thesis

Chapter 1 of this thesis presents briefly the background of process tomography and
particle sizing in the industry. The aim and the objectives of the research are defined,

followed by the outline of the thesis.

Chapter 2 discusses an overview of particle sizing by literature review of other
techniques used in particle size measurement. The relevance of using optical

tomography in sizing particles concludes the chapter.

Chapter 3 describes the mathematical models of the prototype system based on three

main effects — due to particle, light sources and diffraction.

Chapter 4 describes in detail the optical tomographic instrumentation system. The
experimental set-up consists of the illumination system, the test cell, the CCD detection

and the data acquisition system; all are discussed in depth.

Chapter 5 presents the forward and inverse problems in tomographic image
reconstruction. Two image reconstruction methods are used — transpose and pseudo
inverse. Optical tomographic reconstructed images are presented based on simulated
data. This chapter concludes by discussing the significance of using transpose and

psuedo inverse in the image reconstruction process.
Chapter 6 presents the experimental results based on the calibration measurement and
the diameter measurement. The tomographic images based on the measured data are

presented, followed by the analysis of the result and discussion.

Chapter 7 presents the overall conclusions and the recommendations for future work.



CHAPTER 2

OVERVIEW OF PARTICLE CHARACTERISATION

2.1 Introduction

Particle characterisation plays an important role in industrial applications, especially
particle-size measurements. Examples include combustion of pulverised coal and liquid
fuels, spray characterisations, analysis and control of particulate emissions, industrial
process control, manufacture of metallic powders, and the production of
pharmaceuticals [Black DL er al, 1996]. Demands for high efficiency in processes
whilst maintaining the necessary product quality can be met by using on-line
measurements [Lech M er al, 1998]. Table 2.1 shows some examples of industrial

applications, which use particle-sizing technology.

Table 2.1. Applications of particle-sizing technology [Black DL ef al, 1996].

Uses of particle-size analysis Applications area

Combustion Size and velocity measurements

Sprays Characterisations and descriptions of nozzles
Medicine / Pharmaceuticals Control of manufacturing processes

Paints Control of pigment size distribution

Metallic powders Control of manufacturing processes
Agriculture Control of pesticide application

Pollution control Monitoring and analysis of emissions

Foods and consumer products Control of taste and texture

There are many techniques and methods involved in particle-size measurements, in
response to different situations encountered in sizing particles [Black DL et al, 1996].
The next sections focus on optically based systems used in particle-size measurement,

including an optical tomography system.




2.2 Literature review on particle characterisation

There are three important factors in particle characterisation — composition, size and
shape. Particle composition will determine properties such as density and conductivity.
Particle size is important as it affects the surface area, volume or flow rate of the

particle. Particle shape can be in a form of regular (such as a sphere) or irregular shape.

On an industrial scale, large quantities of particles are handled. In place of particle size,
one needs to know the distribution of particle sizes in the mixture and be able to define
a mean size, which in some way represents the behaviour of the particulate mass as a

whole (Coulson JM and Richardson JF, 1991).

The simplest shape of a particle is a sphere as it is symmetrical i.e. it has the same size
when viewed from different directions. The size of an irregular shaped particle is
usually defined in terms of the size of an equivalent sphere (Coulson JM and
Richardson JF, 1991). Some of the important sizes of equivalent spheres are as follows:
a) Sphere of the same volume as the particle.
b) Sphere of the same surface area as the particle.
¢) Sphere of the same surface area per unit volume as the particle.
d) Sphere of the same area as the particle when projected on to a plane
perpendicular to its direction of motion.
e) Sphere of the same projected area as the particle, as viewed from above, when
lying in its position of maximum stability (e.g. on microscope slide).
f) Sphere which will just pass through the same size of square aperture as the
particle (as on a screen).

g) Sphere with the same settling velocity as the particle in a specified fluid.



Figure 2.1 shows a summary of methods used in the particle-size measurements. The

methods can be divided into two basic methods: direct and indirect methods.

Particle Sizing
I
v v

Direct Methods Indirect Methods

by |

Direct Optical | [Coulter Counter |Hiac Automatic|Climet |Adsorption
Particle Sizer Method

Sieving | Microscopy

Figure 2.1. Methods used in particle-size measurements.

The size of the particle using the direct methods is obtained straight away whilst in the

indirect methods the measured value is inferred by means of another parameter.

Sieving is a technique where the particles are sorted into categories on the basis of size
alone, independently of their other properties such as density and surface properties. It
is considered as the simplest and most widely used method of particle sizing. It is used

for particle sizes ranging from 20 micron to 125 mm [Allen T, 1990].

A basic sieve is made of woven material, with punched plate or wire mesh. Sieves are
often referred to by their mesh size, which is the number of wires per linear inch. For
particles smaller than 20micron, micromesh sieves are used, whereas the punched plate

sieves are used for larger particles.

Sieving may be done off line to determine the particle size distribution by using a set of
sieves. It may also be used on-line to ensure larger particles do not progress further in
the manufacturing process. Sieves may also be used to remove unwanted small particles

such as dust.




2. Microscopy

Microscopic analysis is performed on small particles ranging from 1 to 100 micron. It is
an absolute method of particle size analysis since it is the only method in which the
individual particles are observed and measured [Allen T, 1990]. This technique allows
an examination of the shape and size of particles with sensitivity far greater than any

other technique.

Optical microscopy is used for analysing particles down to 0.8 micron in size. For
smaller particles it is necessary to use electron microscopy such as Transmission

Electron Microscopy (TEM).
Measurements based on this technique are carried out on minute quantities, and hence
sampling techniques and sample preparation should be handled carefully. Microscopy is

usually an off-line monitoring technique.

3. Direct Optical

The direct optical method is based on light scattering, where information on particle
size is obtained when a beam of radiation is interrupted by the presence of a particle.
Light scattering methods are most effective for particles of the same order of size as the
wavelength of the incident radiation (Mie theory). However, the Rayleigh scattering
model is used for very small particles (approximately less than a twentieth of the
wavelength of light), where the scattered-light intensity is proportional to the square of
the particle volume. In the case of particles larger than the wavelength of the incident
radiation, the contribution of the radiation refracted within the particle diminishes in
comparison to the radiation diffracted external to the particle. For particle size greater
than four or five times the wavelength of light, the Mie theory reduces to the Fraunhofer
theory and the expression for the scattered intensity is the one for diffraction by a

circular disc [Allen T, 1990].

A typical, commercial system uses a laser to interrogate a section of the flow (Figure
2.2). The area where the beam is focused is monitored and the second lens produces the
spatial Fourier transform of the light. A range of off axis sensors detect the spatial
components; the nearer the axis, the larger the component. The system is on-line, but

only senses a small (sample) volume of the flow.
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Figure 2.2. Particles diffracted light scattering pattern on the focal plane.

4. Coulter counter

This is a continuous sampling process. Fluid, containing particles is withdrawn from the

main flow, sampled and then generally returned downstream into the main flow.

This is a method of determining the number and size of particles suspended in an
electrolyte, by causing them to pass through a small orifice on either side of which is
implanted an electrode [Allen T, 1990]. There will be changes in electrical impedance
as the particles pass through the orifice and generate voltage pulses. This voltage pulse
has an amplitude proportional to the volume of the particle. The pulse is then amplified,

sized and counted.
This method is suitable for sizing particles greater than 0.6micron in diameter.

5. Hiac particle sizer

Hiac is a stream-scanning method, which is usually applied to a dilute system. It is also
known as an optical counter, and preferred to the Coulter counter due to the fact that it
can handle higher volume, does not suffer aperture blockage, is more readily adapted

for on-line analysis and does not need any electrolytic carrier.



In this method, the particle is forced through a sensor containing a small cell with
windows on opposite sides. A collimated beam of light from a high intensity source is
directed through the stream of liquid on to a sensor. The particles pass through the
volume and produce pulses proportional to their average projected area, where these
pulses are scaled and counted. Particle sizes ranging from 2 micron up to 1000 micron

can be measured using this method.

6. Climet

The climet method is used for liquid or air-borne particle counting. Here, the incident
radiation strikes the sample volume and the scattered light is picked up by a
photomultiplier. It can be operated using a white light source and a fibre-optic bundle

for light collimation. However, lasers have generally replaced the white light source.

The amount of light scattered by particles smaller than the wavelength of the incident
light is proportional to their volume. However, for larger particles the amount of
scattered light is related to the projected surface area of the particle in the light beam.
This method manages to count particles (drawn from a syringe) ranging from 2 micron
to 200 micron, with flow rates ranging from 120-750 ml/minute. The particle

concentrations are up to 100 ml [Allen T, 1990].

7. Adsorption method

This method is based on the surface area measurement of a particle. An example of an
adsorption method is gas adsorption. In gas adsorption, the gas molecules will impinge
upon a solid and reside upon its surface for a finite time when the solid is exposed to a
gas. The amount adsorbed depends on the nature of the solid (adsorbent), the gas
(adsorbate) and the pressure at which adsorption takes place. The amount of gas
adsorbed is calculated by determining the increase in weight of the solid (gravimetric
method) or the amount of gas removed from the system due to adsorption (volumetric

method) [Allen T, 1990].
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2.3  Particle characterisation by means of tomographic techniques

Current activity in the development of new investigative techniques has focused on the
use of tomography to provide cross-sectional (fomo is slice in Greek) and three-
dimensional images of internal multi-phase flow behaviour in actual process flow
[Simons SJR, 1994]. The tomographic system consists of an array of sensors, a signal
conditioning and data acquisition system, and a reconstruction and display system
[Green RG and Thorn R, 1998], where the collected data are processed using a
reconstruction algorithm to provide an image [Xie CG et al, 1989]. A brief review of

the application of process tomography in solid/liquid flow is discussed.

Morton and Simons (1994) used X-ray microtomography to capture images of 1 mm up
to 10 mm cylinders, but the technique is not generally suited for on-line monitoring of
industrial processes. This is due to the fact that microtomographic imaging is not
capable of resolving rapid changes in dynamic processes. McKee et al (1994) used
Positron Emission Tomography (PET) in a solid-liquid (sand-water) mixing model,
fitted with four planes of sixteen electrodes. The sand sizes used included 150-210 pm,
425-500 pm and 600-710 pm. The developed PET system has a fast dynamic response
but provides images of low resolution. Williams ef a/ (1995) investigated the industrial
application of capacitance tomography in monitoring solids discharged from a hopper -
a study of the distribution of particulate solids within a chute in an operating plant. A
transducer based on a 12-electrode capacitance tomography system had been utilised
where solid particles with diameters in the range of 14-20 pm, with a density 2400
kg/m® were conveyed in the chute. However, the sensor system used can only monitor

fine solids for concentration values larger than 5%.

Some research has been done using optical tomographic techniques such as optical
diffraction tomography (ODT). Wedberg and Stamnes (1995) used ODT to generate
cross-sectional, complex refractive index distributions of weakly scattering cylindrical

objects (fibres). The object diameters ranged from about 7 pm to 120 pm.

Abdul Rahim (1996) used optical fibre sensors in a tomographic measurement system
designed to measure the flow of dry solids (sand and 3 mm plastic chips) in a gravity
drop conveyors. The measurement system used 32 optical fibre transmitter-receiver

pairs (two projection system). The output signal of the receiver voltage increased with

11



increased solid flow rate. The result showed that the majority of particles had a
relatively constant velocity when determined using cross-correlation technique — 4.8

meter/second for sand and 4.7 meter/second for plastic chips.

Ibrahim (1999) used the optical tomography system based on Abdul Rahim’s
measurement system (1995) to study the concentration and velocity profiles of gas
bubbles in vertical hydraulic flow rig. However, Ibrahim (1999) used a combination of
two orthogonal (8x8 array) and two rectilinear (11x11 array) projections. Thus 38
optical fibre sensors are used in one plane. Two planes were placed axially along the
flow pipe for the determination of velocity using cross-correlation technique. The
system was capable of measuring the concentration of small bubbles (with diameter of
1-10 mm) in water with volumetric flow rates of up to 1 litre/minute, and the
concentration of large bubbles (with diameter of 15-20 mm) in water with the

volumetric flow rates of up to 3 litre/minute.

An optical tomography system based on optical fibres was developed by Horbury ef al
(1995a) aimed at providing information on particle size, where three projections are
used with each consisting of 16 or 32 views. Three projections are used to reduce the
effects of shadowing during reconstruction, with three ranges of bead size - 100 - 150
pum, 150 - 300 pm and 425 - 600 um. The optical signals were converted into electrical
signals. Spectrum analysis was applied to the electrical signals and related to particle

size distribution.

From the above literature, it can be concluded that the developed systems did not really
measure the size of a particle. The techniques concentrated more on how different types
or different sizes of particles affected the particle distribution, concentration and
velocity. Some of the techniques have low-resolution outputs, for example optical
tomography using optical fibres and electrical impedance tomography. Meanwhile, in
other non-tomographic techniques, the measured size of the particle is based on the

sampling measurements, which does not represent the full volume of the process flow.
This thesis presents a four projection, optical tomography system using charge coupled

devices (CCD) as detectors. The CCD based optical tomography system has high

definition sensors. Each of the four devices has 2048 sensors, with sensor size of 0.014

12



mm by 0.014 mm. Moreover, the system is capable of sizing the whole volume of

process flow and the technique is non-intrusive.

2.4 Discussions

Most of the particle-size measuring techniques are off-line, with direct optical providing
the only truly on-line measurement [Black DL ef al, 1996]. Some of the techniques,
such as a Coulter counter, have on-line sampling measurements where part of the flow
is sampled in real-time or is deviated from the process flow for on-line measurement of
the sample. However, measuring particle size on-line by means of an optical
tomography system will cover the whole volume of the process flow instead of some

sampled flow which might not represent the actual behaviour of the process flow.

Many techniques used for determining particle size are intrusive in nature and can cause
unknown variations in the flow field [Black DL et al, 1996]. However, optical
tomography is based on non-intrusive techniques where the sensors are placed
surrounding the process or the flow pipe. One possible difficulty encountered in
applying a non-intrusive optical technique lies in the need for optical access to the

measurement environment.
“Seeing is believing — what we mean by seeing, however, has changed. One of the best

ways to capture these images is to use tomography, which allows us to see the inside of

an object without inserting probes or sensors.” [West R, 2003]
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CHAPTER 3

MATHEMATICAL MODELLING

3.1 The optical system

Mathematical modelling is an important tool in simulating a system. It can predict the
output of a system with known conditions. In addition, the model enables the user to
understand the output trends or behaviour. Three types of mathematical model are
developed in this project for investigating the effects due to particles, the effects due to

light sources and the effects due to diffraction on the optical tomography system.

The complete optical tomography system consists of a lighting system, the
measurement section, the sensor system, the data acquisition system, the PIC

microcontroller system and image information. Figure 3.1 shows an overview of the

system.
Flowpipe (perspex)
Light R Data R Image
source CCD acquisition information

F » PIC Microcontroller

N—

Figure 3.1. A block diagram of the optical tomography system.
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A well-collimated beam of light is passed through the measurement section, past the
object to be measured. For test and calibration purposes, ground bar of known diameter
is used. The detection system is the sensing component in the optical tomography
system. The standard object (ground bar of known diameter) is sensed using a charge
coupled device (CCD) linear image sensor. The output of the CCD linear ima