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RINGKASAN: Kertaskerja ini membincangkan tentang penyelidikan dalam bidang 

tomografi yang menggunakan gentian optik sebagai penderia. Penderia gentian 

optik digunakan untuk mengukur aliran pepejal didalam penyampai pneumatik. 

Penderia gentian optik yang digunakan adalah berukuran 1 mm. Keputusan kadar 

aliran jisim pasir berbanding dengan keluaran penderia dinyatakan dalam kertaskerja 

ini. 

ABSTRACT: This paper describes an investigation into the use of an optical fibre 

sensor to measure the flow of pneumatically conveyed solid particles. Typical 

results for the mass flow rate of dry sand versus transducer output voltage are 

presented for a 1 mm diameter sensor fibre. 
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INTRODUCTION 

Process tomography involves the use of instruments which provide a cross-sectional profile 
of the distribution of materials in a process vessel or pipeline. By analysing two suitable 
space images, it is also feasible to measure the vector velocity profile (Hayes et al., 1992; 
Thorn et al., 1990). Hence from this knowledge of material distribution and movement, 
internal models of the process can be derived and used as an aid to optimise 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). 

Process tomography (Xie, 1993) is a technique that is being developed for measurement 
in two and multicomponent flows. These measurement systems use distributed groups of 
identical sensors, termed arrays, to investigate the physical properties of the material and 
its distribution within a container, e.g. a pneumatic conveyor, in real time (Williams and Beck, 
1995). Most of the tomography systems being investigated aim to provide concentration 
distributions of moving components of interest within the measurement section in the form 
of a visual image, much like an X-ray picture of hand for example, which is updated at a 
refresh rate dependent upon the process being investigated (Wiegand and Hoyle, 1991) 
However, the long term aim is to provide flow information such as mass flow rate, which 
will be calculated by combining both concentration and velocity profiles. 

Many approaches to tomography are being investigated based on a range of physical 
principles, e.g. capacitance tomography for two/three component mixtures of oil, gas and 
water for oil company applications (Huang et al., 1989), electrical impedance tomography 
to investigate design parameters relating to hydrocyclone and dense medium separators 
(Williams et al., 1995), electromagnetic tomography to obtain information relating to permeability 
and conductivity distributions within the sensing volume (Scaife et al., 1994), combinations 
of two kinds of sensor, for example capacitance and gamma ray for three component 
measurement in oil, gas and water mixtures (Dykesteen and Frantzen, 1990). However, for 
many two component flow systems, where the concentration of the conveyed component 
is low, e.g. pulverised coal dust being fed to coal fired electrical power station boilers (Green 
et al. , 1981 ), existing systems do not have the required sensitivity to detect the small 
variations in solids flow concentration. For mixtures of transparent fluids transporting small 
volume fractions, typically 5% of opaque solids, low-cost optical sensors merit investigation. 

To investigate the cross-section of a conveyor with relatively high resolution, 2 mm per cm2 
for example, a large number of peripherally mounted sensors are required. Optical fibres 
are employed due to their small dimensions (order of 1 mm diameter) which enables them 
to be spaced at 1.5 to 2.0 mm intervals around the vessel (Figure 1 and Figure 2) . 
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Figure 1. Schematic diagram of measurement system 
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Figure 2. The arrangement of optical fibres to provide a projection 

For process tomography, the sensor must be capable of providing information relating to 
the concentration of the conveyed material within the sensing volume being interrogated. 
For determining the velocity of the moving particles using cross-correlation techniques (Yan 
et al., 1995), the dynamic performance of the sensor is important; otherwise measurement 
'blurring' artefacts will be produced, leading to erroneous analysis. This paper investigates 
the use of a single optical fibre transducer (which is part of a sixteen by sixteen tomographic 
sensor array, Figure 2) to measure cross-sectional variations in bulk concentration due to 
flowing solids. 
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OPTICAL FIBRE SENSORS 

Optical fibres provide an opportunity to design sensors with a very wide bandwidth 
(Ghassemlooy, 1992), enabling measurements of high speed flowing particles. To generate 
high resolution tomographic images, a large number of optical fibres are needed (Snyder 
and Hesselink, 1989) and this infers that high speed data capture and signal processing 
must be used. 

The tomographic system described in this paper uses two arrays of optical fibres as both 
light transmitters and receivers. Ideally, light is supplied in collimated beams, because 
collimation increases beam intensity and ensures that a particular sensor only detects light 
from its corresponding emitter. It also enables the use of linear back projection algorithms, 
which have been developed from medical X-ray tomography (Dugdale, et al. 1993). Collimation 
also results in the detected optical intensity being dependent on the length of attenuating 
component traversed by the beam, and being almost independent of the length of attenuating 
component from the source (Snyder and Hesselink, 1989). 

The sensor system investigated here uses the fibre arrangement shown in Figure 3. The 
transmitter fibre, Tx, along with the other thirty-one fibres, is part of an optical fibre bundle 
which is illuminated with white light from a 50 W, dichroic halogen bulb with integral reflector, 
with a beam angle of 12°, excited from a stabilised DC. voltage (Figure 1) (necessary to 
prevent fluctuations in supply voltage modulating the light intensity). 
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Figure 3. The transducer system 

The end of the transmitter fibre in contact with the vessel is formed into a curved surface, 
which acts as a lens to produce some collimation of the beam. The receiving fibres are cut 
and polished flat to minimise scattering effects. The fibres are mounted into holes machined 
into the measurement section in an invasive but non-intrusive (i.e. the flow pattern is not 
affected by their presence) manner. The effects of diffraction are ignored, because the 
primary effect is attenuation of optical energy by particles intercepting the beam. The light 
passes through the transmitter fibre and into the volume being interrogated. A receiving fibre 
detects the transmitted beam and relays it to a photo-diode and associated electronics, which 
converts it to an electrical voltage. This voltage is conditioned so that no flow (full light on 
the receiver) provides zero voltage and with high flow rates of solids, the system is fully 
driven, providing a maximum output of five volts. Two output signals are available from each 
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sensor: an ac output voltage intended for velocity determination (not used for this paper) 
and a rectified and smoothed output. 

The pipe in which the sensors are mounted has a nominal bore of 80 mm and the sensor 
spacing is 5 mm. This spacing means that approximately one fifth of the cross-section is 
directly interrogated, the remaining four fifths not being in a direct path between a source 
and its receiver, though there may be sorrie output due to the beam spreading out from the 
transmitter fibre due to its optical aperture and light scattering by the particles. Thus, each 
fibre is taking only a sample measurement of the particles flowing in the pipe. However, it 
is assumed that each fibre produces readings which represent a realistic sample of the solids 
passing through the space at each side of the fibre. The light source transmits continuously 
and any particle passing through the volume interrogated by a fibre sensor is detected as 
a variation in the level of illumination of the sensor. The resulting voltage is available in two 
forms: as a time averaged signal and as a rapidly varying or dynamic voltage. The time 
averaged voltage produces a signal which varies linearly with solids mass flow rate (Figure 5). 

CONCENTRATION MEASUREMENTS 

The fibre optic tomographic system determines the volume of the sampled measurement, 
section occupied by solid at any instant. In order to quantify the measurements, the relationship 
between mass flow rate and the sensor output is required. Possessing this relationship 
enables any other sensor output to be calculated assuming ideal, uniform flow. This knowledge 
is required to solve the forward problem in order to generate tomographic images. 

Measurements were made with a single optical fibre sensor using a laboratory scale gravity 
flow rig. This feeds silica sand (mean particle size 600 nm) vertically downwards through 
the measurement section at a controlled rate. The time averaged voltage output of the optical 
sensor was measured at several representative flow rates ranging from 40 to 575 g/s. 
Figure 4 shows a typical recording from one transducer at an approximate flowrate of 40 g/s 
obtained using the proprietary data acquisition system. 

·1 

Figure 4. Graph shows the output from one transducer at mass flow rate of 40 g/s 
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The results are shown in Figure 5, where a linear regression line has been fitted to the 

measured values. The negative reading at low flow rates is due to a de offset voltage in 

the amplifier. At higher flow rates the transducer begins to saturate for readings above 

approximately 3 volts. 
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Figure 5. Relationship between mass flow rate and optical sensor 

output voltage for a single optical fibre receiver 

The average number of particles in the measurement volume should increase directly as 

a linear function of the solid flow rate, so the linear relationship shown in Figure 5 is expected 

and demonstrates the suitability of the optical sensor for concentration measurement for 

lightly loaded flows (up to approximately 5% solids by volume in the test). 

SCATTERING EFFECT 

The ends of the fibres in the measurement section are shaped to optimise their transmission 

and reception functions. To investigate the interaction between adjacent receivers, a single 

transmitter was energised and the outputs from all the receivers monitored for a range of 

sand feed rates. The results are presented in Figure 6. 
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At low feed rates (46 to 194 g/s), no interaction was detected and at a flow rate of 223 g/s 
and above, one adjacent receiver indicated approximately 1.5V (equivalent to 46 g/s) and 
the other produced no detectable effect. This suggests very little interaction between adjacent 
beams, but the interaction does increase with increasing solids flow rate. 

TOMOGRAPHIC RECONSTRUCTION 

The production of tomographic images based upon a linear back projection algorithm (Barber 
et al., 1983) requires solution of the forward and inverse problems. 

The forward problem 

The forward problem determines the sensitivity map for each sensor. The map considers 
the measurement cross-section to consist of a number of rectangular pixels mapped onto 
the cross-section (Figure 7). The sensitivity of a pixel is unity if it is in the beam path of the 
transmitter receiver pair being considered . For example, in Figure 7 the path of sensor 
number 2 is shown along with the corresponding sensitivities. Outside the pipe, the sensitivity 
is zero, because no solid can interrupt the beam. Along the path inside the conveyor all pixels 
have the value one, otherwise they are zero, which infers no interactions between channels. 
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Figure 7. Optical sensitivity map 
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These maps are produced for each sensor; so there are a total of thirty-two sensitivity maps. 

The sensitivity matrix is identified by Si, where i refers to the sensor or channel number. 

The inverse problem 

The inverse problem estimates the concentration profile within the measurement cross

section based on the readings of the thirty-two sensors. The reading of any sensor is 

identified by Vi. The linear back projection algorithm consists of multiplying each sensor 

reading by its associated sensitivity map and summing the values of the associated pixels 

32 

T; = L V;S; 
i=l 

where Ti represents a thirty-two by thirty-two matrix and each element of the matrix corresponds 

to a pixel in the tomogram. A typical result is shown in Figure 8, which shows a concentration 

profile as a colour contrast corresponding to a separated flow, i.e. the major component of 

the flow is on the right hand side of the tomogram. 
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Figure 8. Optical concentration tomogram 
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The results may be also displayed in the form of a three dimensional picture, with the z
axis representing the solid concentration. 
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Figure 9. Three dimensional optical concentration profile 

CONCLUSION 

Optical fibre sensors exhibit good linearity when used to measure solids flow rate at light 
loading. Arrays of optical fibre sensors may be used to produce tomographic concentration 
profiles of a required section. The sensitivity maps are linear and relatively simple to derive 
and use. This means that they are very suitable for further signal processing and have great 
potential, if upstream and down stream sensing arrays are used, to be used for pixel cross 
correlation and velocity profiles. The results presented in this paper demonstrate the suitability 
of low-cost optical fibre sensors for monitoring volume flow rates of solid materials. In 
particular, their frequency bandwidth, when used to measure passing objects is very high, 
typically tens of kilohertz. This high bandwidth makes them suitable for velocity measurement 
using cross-correlation techniques (Yan et al., 1995). 

9 



R. Abdul Rahim, R. G. Green, N. M. Horbury, 
F. J. Dickin, B. D. Naylor, T. P. Pridmore 

REFERENCES 

Barber, D.C., Brown, B.H. and Freeston, I.L. (1983). Imaging spatial distributions of resistivity 
using applied potential tomography. Elec. Letters, 9, pp 933-935. 

Dickin F.J., Hoyle B.S., Hunt A., Huang S.M., llyas 0., Lenn C., Waterfall R.C., Williams R.A., 
Xie C.G., Beck M.S. (1992). Tomography imaging of industrial process equipment: techniques 
and applications. IEE Proceedings. G, 139, pp 72-82. 

P.Dugdale, R. G. Green, A. J. Hartley, R. J. Jackson, J. Landauro (1993). Tomographic 
imaging in industrial process equipment using optical sensor arrays. In: Sensor technology 
systems and application, 5th conference paper . ed. K. T. V. Grattan. 

Dykesteen, E. and Frantzen, K.H. (1990). The CMI multiphase fraction meter. In: Proceedings 
Int. Cont. on Basic Principles and Industrial Applications of Multiphase Flow., London: BHRA. 

Ghassemlooy, Z (1992). Fibre optic: a revolution in communication, EIT Publication for ESCE 
IV, pp 2. 

Green, R.G., Foo, S.H. and Phillips, J.G. (1981) Flow measurement for optimising the feed 
rate of pulverised fuel to coal fired boilers. Symposium on Fossil Energy Processes, (San 
Francisco). 

Hayes D.G., Gregory I.A, and Beck M.S. (1992). Velocity profile measurement in two-phase 
flows. In: Proceedings. European Concerted Action on Process Tomography, Manchester, 
pp 26-29. 

Huang S.M., Plaskowski A.B., Xie C.G. and Beck M.S. (1989). Tomographic imaging of two
component flow using capacitance sensors. J Phys E, 22, pp 173-177. 

Scaife, J.M., Tozer, R.C. and Freeston, I.L. (1994). Conductivity and permitivity images from 
an induced current electrical impedance tomography system. IEE Proceedings. A, 5, pp 356-
362. 

Ray Snyder and Lambertus Hesselink (1989). Three-dimensional optical tomographic 
measurements of mixing fluids. In: Proceedings of the SPIE: The International Society for 
Optical Engineering, 1083, pp 281-289. 

Thorn R., Huang S.M., Xie C.G., Salkeid J.A, Hunt A. and Beck M.S. (1990). Flow imaging 
for multicomponent flow measurement. Flow Meas. lnstrum, 1, pp 259-268. 

Wiegand, F. and Hoyle, B.S. (1991) Development and implementation of real-time ultrasound 
process tomography using a transputer network. Parallel Computing, 17, pp 791-807. 

10 



Optical Fibre Sensors for Process Tomography: 
Concentration Measurements and Scattering Effect 

Process Tomography: Principles, Techniques and Applications (1995), ed A.A.Williams and 
M.S.Beck, Butterworth-Heinemann, pp 101-118. 

Williams, R.A., llyas, O.M., and Dyakowski , T. (1995). Air core imaging in cyclonic coal 
separators using electrical impedance tomography. Coal Preparation, 15, pp 3-4. 

C G Xie, (1993) Review of image reconstruction methods for process tomography. In: 
Process Tomography - A Strategy for Industrial Exploitation, ed. M S Beck et al., Pub by 
UMIST. 

Y Yan, B Byrne, S Woodhead, J Coulthard, (1995) . Velocity measurement of pneumatically 
conveyed solids using electrodynamic sensors. Meas. Sci. Technol. 6, pp 515-537. 

11 


