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RINGKASAN: Kertas kerja ini membincangkan tentang perkakasan yang perlu 
dalam proses tomografi yang menggunakan penderia optik. Antara yang 
dibincangkan ialah pemilihan penghantar, penerima dan cara terbaik untuk 
menggunakan gentian optik dalam kes ini. Keputusan dan perbincangan telah 
dibuat berdasarkan kepada perkara tersebut. 

ABSTRACT: This paper describes the important considerations and further 
development of optical sensor hardware for a process tomography system in which 
light emitters, optical fibres and light detectors are used to exploit the optical 
characteristics of multiphase flow regimes. 

KEYWORDS: Optical tomography, beam collimation, transmitter system, receiver 
system. 
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INTRODUCTION 

Many process industries require instrumentation to monitor the safety of the process (e.g. 

oil/gas risers on oil well p~oduction platforms) or for on-line production control. The usual 

instrumentation (e.g. orifice plates or turbine meters) is only accurate and reliable with clean 
liquids or gases. For multi-component flows, gas/oil/water in the oil industry or pneumatically 

conveyed solids in milling, different instrumentation is required. There exist techniques (e.g . 

. laser anemometry [Green and Thorn, 1998]), which provide accurate measurements of both 
particle concentration and velocity. However, these measurements are usually restricted in 

their use on-line because of the measurement system cost, plant vibration and the limited 
measurement volume (several cubic millimetres). Less accurate measurements can often 

be made using process tomography. Process tomography is a developing method of industrial 

measurement involving the use of relatively low cost, robust instrumentation to provide a 
cross-sectional profile of the distribution of materials in a process vessel or pipeline. By 

analysing two suitably spaced images it is also feasible to measure the vector velocity profile 

(Hayes et al., 1992,.Thorn et al., 1990; Green et al., 1997). Hence from this knowledge of 
material distributions and movement, internal models of the process can be derived and used 

as an aid to optimising the design of the process: This promises a substantial advance on 

present empirical methods of process design, often based on input/output measurements, 
with only a limited amount of information about the detailed internal behaviour of the process 

(Dickin et al., 1992). 

SELECTION CRITERIA 

Many different tomographic measurement systems are currently being developed (Williams 
and Beck, 1995). The authors have chosen to investigate optical sensors, because they are 

low cost, intrinsically safe, have a wide bandwidth and much of the experience obtained with 

them can be related to gamma and similar hard-field nuclear techniques. The use of optical 

fibres also enables the measurement electronics to be positioned away from the measurement 

area. The technique described in this paper provides simultaneous samples covering 
approximately 30% of the chosen pipe cross-section. Increasing the number of sensors 

increases the sampled volume. 

Optical tomography systems generally use arrays of optical transmitters and receivers 

transducers. These transmitter and receiver pairs require careful choice followed by accurate 

alignment. In order to select the optimum pair of transducers it is necessary to consider the 
requirements of the proposed system, which is to have transducers .arranged around a flow 
pipe to simulate industrial conditions. Secondly, one must consider the requirements of the 

optical imaging process. The radiant intensity of the transmitter is important to provide 
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sufficient light energy to fully drive the receivers. The criteria for choosing the receiver include 
the luminous sensitivity (how much current to expect for a given illuminance), the responsivity 
(how much current to expect for a specified.amount of radiant power), the noise threshold 
(smallest signal it is possible to detect), the leakage current and the speed of response. For 
a semiconductor receiver a small surface area helps these last three (Chaimowicz, 1989). 
Al.I the optical fibre transmitter cables must have similar optical characteristics to one another, 
such as optical attenuation and optical aperture. The receiver fibres must also be closely 
matched. For a system with high resolution a large number of views (transmitter/receiver 
pairs) is required. 

OVERVIEW OF OPTICAL COMPONENTS 

Transmitter devices 

A range of optical light emitters and sensors is shown in Figure 1. The advantages and 
disadvantages of the different emitters are now discussed. 

Although more powerful and coherent than radiation from other sources, the Laser is 
unsuitable for a prototype construction, since the optical system (e.g. beam splitters) it would 
require is expensive to construct and complicated to control. 

Laser diodes, contained in much smaller discrete packages, are better suited than Lasers; 
however at a price of approximately RM190 (30 pounds) excluding optics, they are an 
expensive choice for a prototype system. Further their physical size restricts the closeness 
with which adjacent transmitter/receiver pairs may be mounted. They also require careful 
handling, being especially susceptible to static charge and electrical transients. 

Figure 1. Family of optoelectronic products 
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Light emitting diodes (LED) have been used successfully for process tomography (Dugdale 

et al., 1992). However the physical dimensions of the LED and its associated optical system 
restrict the number of views which can be obtained over a section. Using optical fibres can 

solve this problem. 

An optical fibre may be used to convey light energy from an energy source to a remote, 
hazardous place to provide illumination. An optical fibre bundle may be used as a light source 

to provide much light input to a pipe from a single lamp. The fibre providing illumination to 
the system may be spaced at just over 1 mm centres to provide a large number of views. 

The bundle may be illuminated monochromatically by laser or with wide bandwidth light from 

a filament lamp. A further advantage of optical fibres is that the electrical interfaces may 
be remote from the process, enabling an intrinsically safe system to be constructed. 

The receiver 

To take advantage of the facilities provided by the optical fibres used as transmitters, optical 
fibres must also be used as the primary receivers. These receiving fibres may be positioned 

adjacent to each other to provide a large number of views. The light received by each fibre 

can be transmitted to a site remote from the conveyor before being converted to an electrical 
signal. 

A range of sensors is shown in Figure 1. Light to electrical energy converters consists mainly 
of photovoltaic cells (light dependent resistors, LDRs), phototransistors, photodiodes and 

photomultipliers. 

The ideal photoelectric semiconductor can be described in terms of energy levels with a 

lower band of electronic states (valence band) completely filled at absolutely zero, separated 
by an energy gap from a higher band of allowed states (conduction band) which are 

completely empty at absolute zero. At ambient temperatures electrons can be thermally 
excited to the conduction band leaving free holes in the valence band. This is termed the 

intrinsic excitation of carriers and can also be produced by absorption of photons; thus 
producing photon excited carriers. The wavelength needed to induce this photo response 
depends on the energy gap between the bands. The photo response can be extended to 

longer wavelengths by doping with impurity atoms, giving rise to extrinsic conductivity 

(Jenkins, 1987; Chaimowicz, 1989). 

The photovoltaic cell is essentially a junction formed between two sections of the same 
semiconductor, one N type, and the other P type. At their interface there is recombination 
of electrons and holes leaving a region devoid of free carriers (depletion region). As described 
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above, free charge carriers are generated when light enters the cell. When the electrons 
and holes reach the PN transition the electrical field in the depletion region separates them. 
This generates a photovoltage, which supplies photocurrent. Thus the photovoltaic cell 
converts luminous into electrical energy. This puts the emphasis on large sensitive areas 
(square centimetres rather millimetres). However to attain a high resolution the project 
requires a sensor with a small surface area. 

For low-light-level detection and measurement (and, incidentally, for nanosecond resolution) 
the photomultiplier is the best choice. This device allows a photon to eject an electron from 
a photosensitive alkali metal "photocathode". The photomultiplier then amplifies this small 
photocurrent by accelerating the electron onto successive surfaces (dynodes), from which 
additional electrons are easily ejected. This use of "electron multiplication" yields extremely 
low noise amplification of the initial photocurrent signal. When compared with photodiodes, 
photomultiplier tubes have the advantage of high quantum efficiency while operating at high 
speed (2ns rise time, typically). Photomultipliers have several disadvantages such as, they 
are expensive, bulky and they require a stable source of high voltage, since the tube's gain 
rises exponentially with applied voltage. (Horowitz, 1993). 

Phototransistors and photodiodes have advantages over photomultipliers since they are 
smaller, more durable, convenient to use and less expensive. The phototransistor works 
as follows: the flow of photon generated carriers take the place of the conventional base 

· current, and like it, are amplified by the transistor part of the device. This makes them more 
sensitive than the photodiode without an amplifier, i.e. high responsivity, but they suffer from 
poor linearity, are temperature sensitive and above all are intrinsically slow (Chaimowicz, 
1989). 

There are two main types of photodiodes, non-amplifying and amplifying. The first case is 
essentially a PN junction as for the photovoltaic cell, with reverse bias applied, i.e. a negative 
voltage applied to the P side with respect to the N side. The potential barrier due to the 
interface is increased. This inhibits the flow of holes from the P to N region and of electrons 

· from N to P region. As a result of thermally generated electron hole pairs there will be 
electrons in the P region and holes in the N region. These are called minority carriers and 
for them the potential barrier represents a drop in potential. Minority carriers in the depletion 
region will be swept across the junction producing a reverse current. In addition minority 
carriers outside the depletion region may diffuse into the high field region and be swept 
across the junction. This current, which flows in the absence of light, is called the dark 
current. When light falls onto the surrounding of the PN junction, free charge carriers are 
generated as for the photovoltaic cell. These photo carriers produced at or within a diffusion 
length of the PN junction will be swept away by the depletion field; electrons into the N type 
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and holes into the P type, which leads to an increase in the reverse current. This photocurrent 
is proportional to the illumination; thus photodiodes are particularly suited to quantitative light 
measurements. 

The avalanche photodiode is an amplifying photodiode. In the depletion layer of a PIN 
photodiode, the strong electric field sweeps away the photon-generated free carriers. If the 
field is very strong and the path of a free electron sufficiently long, the continually accelerating 
particle can gather sufficient momentum to knock out, like a projectile, another electron from 
an atom on its way. Should this happen, two electrons are produced for each original one, 
and, if conditions are favourable, the multiplication may continue, giving rise to geometrical 
growth of the number of free carriers, hence the name of the device. Practical gain figures 
range from 50 to 300 (Chaimowicz 1989). 

There are several practical disadvantages in using the avalanche photo-diode. Firstly, a 
reverse bias, VR, as much as 300 - 500 V is necessary to create a field intensity that will 
ensure avalanching. This is not always easily accommodated, especially in portable equipment. 
Secondly, the exact operating value of VR is not only critical within 0.1 V, but also temperature 
dependent. These two constraints call for accurate stabilisation of VR causing complication 
and expense. Thirdly, the gain is also temperature dependent so that. gain compensation 
or stabilisation circuits are often required. 

An improvement over the PN junction is the PIN photodiode. This has a sandwich like 
structure, with Positive, Intrinsic and Negative layers. The presence of an I layer increases 
the speed of the device, improves the device's linearity and reduces its leakage current and 
noise. The third type of non-amplifying photodiode is the surface barrier or Schottky, where 
the positive silicon layer of the PN device is replaced by a thin layer of gold. This gives 
the device good blue/violet sensitivity and a high speed of response. But in the infra red 
the responsivity is reduced by the high surface reflectance of the gold. 

From the above review a suitable arrangement for the prototype can be chosen. The light 
source is a halogen bulb, which is suitable for illuminating all the emitter fibres simultaneously : 
and continuously; This is coupled via optical fibre receiver cables, which enable large 
number of views to be obtained from a single cross-section, with a non-amplifying PIN 
photodiode sensor to provide the required sensitivity (Figure 2). The proposed system is 
outlined in Figure 3. The design of the illumination system and the receiver system are 
described in more detail in the following sections. 
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Figure 2. Photodiodes via optical fibres 
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Figure 3. System block diagram 

This section describes the choice of the dichroic (constant colour coating) light source. 35W, 

SOW and 75W dichroic halogen bulbs with integral reflectors and beam angles of 27°, excited 

from a stabilised DC voltage were investigated as possible light sources for the optical fibres. 
They have a large beam area and a single bulb can be used to provide illumination for a 

large number of optical fibres when they are arranged in a bundle. 

A single transmitter fibre is mounted 30 mm in front of the bulb being investigated with its 

optical axes aligned with the receiver fibre (Figure 4). 

x=45mm 

light to 
voltage 
converter 

output 

Figure 4. System alignment along the optical axis 
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The important factor is that sufficient light energy will be transmitted from the transmitter fibre, 

through space representing the pipe diameter, to the receiver. The separation between the 

receiver and transmitter (d mm) fibre was varied from 5 mm up to 100 mm using the 35W 

bulb as the light source and the output from the light to voltage converter noted. The test 

was repeated for the SOW and 75W bulbs. The results are summarised in Figure 5. 

Figure 5 shows little difference in output between the 75W and SOW bulbs at 81 mm 

separation, the diameter of the measurement section, but both are significantly better than 

the 35W bulb at this distance. The SOW dichroic halogen bulb has been chosen instead 

of the 75W due to its reduced heat dissipation to the optical fibre bundle. 
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Figure 5. Different light source powers 

PREPARATION OF THE OPTICAL FIBRE 

As mentioned earlier, the transmitter fibres must be closely matched in their optical responses 

to ensure similar beam intensity and spread. This means close control of the manufacturing 

process. The manufacture of the receiver fibres must also be carefully controlled to provide 

similar light attenuation of the received signals when they arrive at the detectors. Multimode 

plastic fibre of 1 mm diameter (overall diameter 2.23 mm) has been used throughout this 

project to maximise the transmission of light into and out of the fibre. The optical fibre is 

made from polymethyl-methacrylate, enclosed with a polymer cladding and protective sheath. 

Both ends of the fibre require treatment. 

An investigation has been made into different methods of terminating the optical fibre. 

Figure 6 shows the preparation of optical fibre for the transmitter. A short piece of sleeving 

is removed from one end of the fibre, as shown in figure 6 (1 ), by gently cutting around the 

circumference, or by using gauge wire strippers. Great care has to be taken in cutting through 
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the covering sheath, to prevent scoring the fibre inside. Remove the end covering and cleanly 
cut the exposed fibre core to two millimetres long, as shown in figure 6 (2 and 3). Only. a 
single, straight cut should be made to keep the end smooth, this being important for 
maximum light transfer. Cuts should be made with a sharp knife. If the fibre end is to remain 
flat, the ends of the fibres are cut and polished flat to minimise scattering effects. 

A form of lens can be produced on the fibre in the following way. The cut fibre end is placed 
close to a naked flame for a few seconds until the end softens and forms a curved surface 
due to surface tension effects, as shown in Figure 6 (4). Excessive heat will melt the fibre 
completely, and this should be avoided. This curvature develops a 'lens' in the fibre 
(Figure 7), which is an improvement over an unlensed fibre, because it provides improved 
light transfer as shown in Table 1. 

Figure 7 shows the preparation of the optical fibre for the input to the transmitter. Steps 1 to 
3 in Figure 6 are followed, however, instead of using a flame, fine grades of emery paper 
followed by diamond paper are gently rubbed, squarely across the fibre end to polish the 
surface. The finish is ultimately dependent upon the fineness of the final abrasive paper used. 

I. 

Stri sheet with Imm fib~optic I P 
~ v( blade or ~8 

I._ ___ __,..; _J---J gauge strippers 

2. 
,-1 --~c=J ~ Pull off 

To expose the core 

3. c==r-,-
1 ~ Slice core with knife 

2mm 

Figure 6. Preparation of the optical fibre 

fibre optic . . 
near sphencal end after heating c=J.t ,f 

Figure 7. Lens produced by heating the fibre 
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fibre optic 
flat polishing 
block 

Figure 8. Polishing the fibre 

An investigation was made into the optimum combination of termination between transmitter 

and receiver of the optical fibre. All the inputs to the transmitters and all the outputs from 

the receivers were flat, polished fibres for all the tests. Table 1 shows the result of the 

experiments; 

The table shows that the second combination gives the better coupling and the greater 

output. For all the remaining work presented in this paper, the coupling between the light 

source and the transmitter fibre is via a polished fibre interface, the transmitter couples into 

the conveyor via a 'lensed' surface and both ends of the receivers fibres are flat and polished. 

After preparing all the transmitter fibres transmission tests were carried out to compare the 

quality of all the fibres. The individual fibres had their polished ends positioned 30 mm from 

the halogen bulb and the outputs from the lensed end measured using a proprietary fibre 

optic power meter. Results for all the transmitter fibres are shown in Figure 9. 

The power transmitted by the fibres has a mean of 5.15 µW with a standard deviation of 

±0.07 µW. 

Table 1. Experimental results 

Transmitter Receiver Separation between Transmitter and 
Receiver 

40 mm 80 mm 120 mm 

Melted Melted 1.SV 0.3V 0.2V 

Melted Polished 1.BV O.BV 0.4V 

Polished Polished 0.8V 0.1V o.osv 
Polished Melted 1.15V 0.15V 0.07V 
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Figure 9. Results for all the transmitter fibres 

BEAM COLLIMATION 

The beam of light must diverge as little as possible to avoid overlap of the received signals 

and loss of the beam intensity. This can be achieved either by using optical lenses or, with 
some loss in the transmitted light intensity, by the use of an optical stop. 

Commercially available optical lenses are either large in diameter compared with an optical 
fibre or expensive. For these reasons it was decided to use an optical stop. This method sets 

the light source (the optical fibre) in a metal block with a small hole in the middle which acts 
as the first light stop, which is positioned 45 mm (distance X in figure 10) from the wall of the 

pipe. The hole in the pipe wall (point A in Figure 10) acts as a second optical stop. The fibre 

optic is a push fit in the block as shown in Figure 1 o. This has the effect, in conjunction with 

the stops, of cutting out some of the diverging light and providing physical support for the fibre. 
The resulting system is a compromise between beam intensity and beam spread. 

The distance between adjacent transmitter optical fibres is 5 mm. The maximum permitted 

diameter of the beam after travelling 81 mm (the pipe diameter) is 4 mm as shown in 

Figure 11, which provides a minimum gap of 1 mm between the beams arriving at the 
receivers. The intensity of the transmitted beam is strong enough to be detected by the PIN 

• photodiode light sensor over the range of 81 mm, the diameter of the metal pipe. 

Point A 

fibre optic from light source X/mm I 
I ~~====::::2,~, 

------+......+--,'"\- - - - : ;-, ', collimated 
I \ I beam 

solid aluminium with bole i~ 

the middle 

- - -\ - , 
\ I 

Stop 

Figure 10. Collimated beam 
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receiver <¢cal fitre 
dianaer = •. n:m 

beam diameter= 4 n:m 

E 

distance bet\\ml beam= I nm 

Figure 11. Beam diameter 

0 0 
-_-_-_-_-'?--_-_-_ 

E - Transmitter; fibre oplic carries lipl DUCe 
A • Solid a1wninium wilb bole in the middle to produce collimaled be1m 
D - Receiver fibre 

Figure 12. Plan view of transmitter/receiver pair 

The fibres are also mounted into slots machined into a carrier mounted on the measurement 
· section in an invasive but non-intrusive (i.e. the flow pattern is not affected by their presence) 

manner as shown in Figure 12. 

Tests on the beam collimation 

In the experiment the transmitter and receiver are placed 81 mm apart, on an optical bench 
in a simulation of the measurement section. The relationship between the position of the 
first stop relative to the second stop is investigated. 

Figure 13 shows the relationship between the beam diameter and the separation of the stops 
for a range of distances between the transmitter and receiver. The optimum stop separation 
is 45 mm for a received beam diameter of 4 mm at 81 mm from the second stop. 
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The results in Figure 14 show that as the distance from point A is increased the intensity 

of the beam decreases. With a stop separation of 45 mm the output is 4.8V when the distance 
between transmitter and receiver is 81 mm (equivalent to the diameter of the pipe). Figure 14 

. also shows that a reasonable degree of collimation exists, complete collimation would mean 

the output voltage remained constant. 

o ~ ~ m m 100 
011111nce separation between Tx and RXhnm 

Figure 13. Effect of beam diameter 
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Figure 14. Output for various distance of optical fibre from point A 

DESIGN OF THE RECEIVER SYSTEM 

The receiver consists of an optical fibre, polished at both ends, which couples the received 

light to a PIN photodiode for conversion to an electrical signal. The effects of diffraction 
caused by the particles are thought to be small in this system and are ignored in the present 
study, because the primary effect being investigated is attenuation of optical energy by 
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particles intercepting the beam. The PIN photodiode supplies a current, which is dependent 
on the level of light energy re~eived. This current is converted to a voltage, signal conditioned 
and transformed to digital .format .for feeding to a PC. The receiver circuit block diagram 
is shown in Figure 15. 

PIN Current to Voltage Voltage Voltage Output to 
receiver photodiode voltage amplifier AC amplifier amplifier data 
fibre I ight sensor converter of gain 13 couple ofgain 14 ofgain 14 acquisition 

(IC2) (IC3) (IC4) system 

Figure 15. Signal conditioning circuit block diagram 

Test on individu_al receiver optical fibres 

Both ends of the receiver fibres were prepared by polishing on a flat surface (Figure 6-B). 
To test the equality of the receiver fibres the following test was carried out. The individual 
receiver fibres were mounted on an optical bench in-line with a transmitter fibre with a 
separation of 81 mm. The output end of each receiver fibre was connected to a PIN 
photodiode connected as shown in Figure 15 and the output voltage monitored. The results 
of these tests are shown in Figure 16. The mean outpufvoltage for all the receiver fibres 
is 25 mV with a standard deviation of ±1.4 mV. 

FUTURE WORK 

"''------'------------' o ......... .,. ...... ~;:~:!::!~:::!:!R1.AA~JQXJ.,.Jl,t;; --
Figure 16. The output voltage for all the receiver fibres 

A system is built which uses two projections, each consisting of array of 16 transducer pairs, 
aligned in a square matrix. These sensors will initially be used to produce tomographic images 
of particle concentration. Initial tests, as yet published only in a PhD thesis (Abdul Rahim, 1996), 
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show that tomographic images representing the instantaneous concentration of particles passing 

through a cross section can be obtained. However, further work is currently being undertaken 
to determine the accuracy of the measurements. It is also intended to investigate the possibility 

of producing tomographic images, which show particle size concentration distributions. 

A second system will be positioned approximately one pipe diameter along the conveyor. 

This will be used to investigate velocity profiles in the conveyor by cross correlating the 

instantaneous, measured particle concentrations obtained from the tomographic images. 
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