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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

|
v v

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.
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