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Abstract- Process tomography is a technique to realize flow imaging in a process vessel or pipeline
by using the sensor system. This technique involves the use of tomographic imaging methods to
manipulate data from sensors in order to collect sufficient information about the flow in the
pipeline. The overall aim of this paper is to investigate the benefits of dual modality (optical and
electrodynamic) tomography system for the measurement of tomographic images of solids flow.
This research will investigate the distribution of conveying plastic beads in a conveying pipe by
placing optical and electrodynamic sensors around the pipe without interrupting the flow inside the

pipe.
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I.  INTRODUCTION

The field of process tomography is growing rapidly. Tomographic imaging offers a unique
opportunity to discover the complexities of structure without the need to invade the object [1].
It is an expansion from the early research involving x-ray tomography, which focused on how
to obtain 2-D cross-section images of animals, human, and non-living things.

The application of process tomography is analogous to the application of medical
tomographic scanners for investigating the human body, but applied to an industrial process

as there is a widespread need for the direct analysis of the internal characteristics of process
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plants in order to improve the design and operation of equipment [2]. Process tomography can
be applied to many types of processes and unit operations, including pipelines, stirred
reactors, fluidized beds, mixers, and separators. Depending on the sensing mechanism used, it
is non-invasive, inert, and, non-ionizing. It is therefore applicable in the processing of raw
materials: in large scale and intermediate chemical production; and in the food biotechnology
areas [3].

In tomography, a variety of sensing methods can be used based on very often contradictory
factors. While most devices employ a single type of sensor, there are a number of
opportunities for multi mode systems using two or more different principles [4]. In principal,
there is no single sensing method capable of detecting all suspended solids flow or explore all
important flow characteristics. Taking these limitations into account, it is vital to combine the
technologies of optical sensors and electrodynamic sensors to produce a single measurement
system. The concept of combining both sensing mechanisms provides the opportunity to
obtain and compare each other that can be used to improve the accuracy of concentration

profiles [5].

II.  OPTICAL SENSOR MODELING

In optical tomography, the cross section of an object is scanned by a parallel projection
(Figure 1). When light passed through the object along the straight line AB in the sensing

zone from the light source to the photodiode, light is attenuated as shown in Equation 1.
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Figure 1: An object f(x.¥)  andits projection FE(’E;], shown for angle .
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I= I exp{-pd) (1)
where: I, = original intensity of the light source, I = measured intensity, p = linear attenuation
coefficient, and d = thickness of object.
The coordinate systems illustrated in Figure 1 are used to describe line integrals and

projections. The object is represented by a two-dimensional function f(x, y) and each line

integral is represented by the projection angle ¢ and a detector position x’ parameters [6].

The Equation of AB in Figure 1 is shown in Equation 2.

xcosd 4+ ysng=x (2)
where:
%] = [coz@ s=in®
[yf] - [—s!in';'éj cc-s@] r:'] 3)
In addition, this resulted in the line integral Palx)
Palx) = f(x y)ds (4)
(Tx)line

By using delta function, this can be rewritten as:

palx = J. E'_x,}']ﬂ(x cog @ + vain]d - x) dxdy] )

For the discrete implementation, Equation 4 can be rewritten as:
Ny—1

Y s )axcos0 + yelnfe) axd[as

N=0 (6)

M—1

pylx’) = Z

Mi=0

where: N;=total number of horizontal cell/pixel, M;=total number of vertical cell/pixel.

The optical model is based on the length of the optical sensing beam within the conveyer.
The voltage of each individual path length sensor increases with increased plastic beads flow
rate [7]. It is assumed that the relationship between the number of plastic beads passing
through a beam and the corresponding sensor output voltage is linear [8]. For a given
uniform flow rate the output voltage from each sensor will be directly proportional to its
optical path length.

The forward problem provides the theoretical output of each sensor under no-flow and flow
conditions when the sensing area is considered two-dimensional. The cross section of the
circular pipe is mapped onto a 16 x 16 rectangular arrays of 256 pixels as shown in Figure 2
in order to solve the forward problem.

The diameter of the pipe for this project is 80mm, so the dimension of each pixel can

calculated as Smm x Smm (80mm/16 sensors). The fiber optic (with an outer diameter of
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2.3mm) was placed at the centre of each pixel. S, represents the first optical sensor and To,

represents the first light transmitter.
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Figure 2: A 16 x 16 rectangular array of 256 pixels with optical sensors position.

The sensitivity matrix for each sensor is formed by calculating the ratio of the area of the light
beam in each pixel to the area of the corresponding pixel. Each pixel is evaluated separately
and the contribution from each pixel forms the sensitivity map [9]. The Linear Back
Projection Algorithm (LBPA) is chosen in order to develop the concentration profile. It is
obtained by combining the projection data from each sensor with its computed sensitivity
map. Each sensitivity matrix is multiplied by its corresponding sensor reading to obtain the

image reconstruction.

III. ELECTRODYNAMIC SENSOR MODELING

The induction of voltage on the sensors electrode by charged particles as they flow past the
sensors mounted on the conveying wall forms the basic working principle of electrodynamic
sensors [10]. It has been established that the magnitude of the charge acquired by solids
depends upon the moisture content of the atmosphere, the particle size distribution and the

velocity with which the particle moves and/or impinges onto surfaces [11]. The forward
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problem determines the theoretical output of each electrodynamic sensor when the sensing
area is considered two-dimensional and contains a uniformly distributed charged of o
coulombs per square meter [12]. To solve the forward problem, the theoretical output of each
sensor due to placing a certain surface charge o at all the possible locations in the pipe cross
section has to be calculated. Similar to the optical system, the pipe cross section for

electrodynamic system is mapped onto (16 x 16) rectangular arrays of 256 pixels as shown in

Figure 3.
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Figure 3: A 16 x 16 rectangular array of 256 pixels with electrodynamic sensors position.

The center of the electrodynamic pipe is chosen as the origin i.e. (0,0) rectangular coordinate
value [13]. The coordinate is determined to calculate the contribution of each pixel to the
electrodynamic sensors.

The solution to the forward problems needs to define models and calculating the sensitivity
map of each sensor. Assume that a uniform surface charge of 6 C m™ is present at each pixel
and hence each pixel would induce a certain amount of charge on the array of sensors.

All electrodynamic sensors are placed 0.5mm outside the pipe boundary in order to minimize
boundary problems. As an example, the general sensitivity equation for first electrodynamic

sensor is defined as in Equation 7;

¥, = ﬂ-ri’ﬂ'EJL = de-l;x’ -+ (ﬂlli:l.-ﬁ -y} dy (7)

393



M. F. Rahmat, S. Ibrahim, M. M. Elmajri, N. F. Mohammed, M.D Isa, DUAL MODALITY TOMOGRAPHY SYSTEM
USING OPTICAL AND ELECTRODYNAMIC SENSORS FOR TOMOGRAPHIC IMAGING SOLID FLOW

Where (x, y) is the coordinate of the part of the pixel contributing to the sensor output, r is the

distance of the charge from the first electrodynamic sensor Eﬁh, and A is the cross sectional
area of the pipe.

The linear back projection algorithm is generated when the sensitivity map of each sensor is
multiplied by its corresponding sensor reading and the value of similar pixels from all the 16

matrices is summed up to produce the concentration map of 16x16 matrix.

IV.  MEASUREMENT CONFIGURATION

In this project, the projection employs dual modality sensors consisting of optical and
electrodynamic position, equally placed outside a pipe with 82 mm outer diameter and 80mm
inner diameter. The optical sensor has 32 BPX65 photodiode sensors acting as receivers
arranged in orthogonal projection and two halogen bulbs acting as light transmitters.
meanwhile, the electrodynamic system has 16 electrodes positioned equidistantly around the
periphery of the pipe wall and separated from the optical system at a distance of 10cm. Hence,

for the dual modality, the total number of sensors used is 48.
The 32 photodiodes are labeled %05 to 0 for the optical sensors, and the 16 electrodes are

labeled as FEq to FEys arranged around the circumference of the pipe wall. Suitable signal
conditioning circuits process outputs from the sensors before entering a data acquisition
system (DAS). The DAS card KPCI-1802HC with 64 channels and 333 k sample per second
was used to capture the data. The DAS can only read 64 readings at a time. An outline of the
dual modality measurement in tomography system is shown in Figure 4, where plane So

represents optical sensors and plane Sg represents electrodes.
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Figure 4: A block diagram of the dual modality tomography system
V. PROCESS RIG

Figure 5 shows the main source of data in this project, which is the gravity flow rig. The rig
was used to control the flow of material and enable repeated solid concentration and
distributions to be monitored. The conveyed material used in this measurement is the plastic
beads of mean size 3mm.

Several parts formed the flow rig. First is the storage hopper. When the vacuum loader is
switched, the plastic beads will move to the hopper before it goes through the measurement
systems. Another part is the screw feeder. The mass flow rate of the plastic beads is
controlled by adjusting the rotational speed of the screw feeder. The screw feeder was
positioned at the bottom of the hopper as shown in the Figure 5. The speed of rotation was set
to a suitable value needed by a control unit.

The measurement section containing the optical sensors is mounted on a vertical pipe at a
distance of 1.20m below the outlet of the screw feeder. In reality, both sets of transducers
should be positioned close to each other to reduce the possibility of an image offset when the
data sets are combined. On the other hand, the smaller the distance, the better the similarity
of signals obtaining from the two planes [14]. In this research, the separation between the
optical and electrodynamic sensors is set, as a compromise to 10cm so that each sensor
outputs can be compared adequately. The plastic beads were fed from the hopper into the

pipe via a suitable speed screw feeder at a controlled rate.
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Figure 5: gravity flow rig diagram
VI. RESULTS

Concentration profiles of the plastic beads flowing in the gravity flow rig are produced using
Linear Back Projection(LBP) algorithm for optical and electrodynamic tomographic systems.
Figures 6 (a) and (b) show the concentration profile for optical sensor for half flow, whereas
Figures 7 (a) and (b) show the concentration profile for electrodynamic sensor for the same
flow.

The concentration profile in Figures 6 (a) and (b) clearly show that half of the pipe has much
lower concentration compared to the rest of the pipe. Meanwhile Figures 7 (a) and (b) show
that the area of flowing plastic beads has higher voltage when the flow occurs compared to
the blocking area. Sensors sixth, Sgs to twelfth, Sg1; have more concentration compared to
other sensors.

Lower concentration values are observed at the center of the profile. Moreover, several
values are observed at the peripheral of the pipe, which means there is a high concentration of

plastic beads at those pixels.
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Figure 6: Concentration profile for optical sensor for a half flow condition (a) Two dimension

(b) Three dimension.
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DISCUSSION AND CONCLUSION

A dual modality tomographic system is described for the concentration profile of the plastic
beads for optical and electrodynamic tomographic images with the same pattern flow using
the same material. The concentration profile for electrodynamic shows that the response of
the material flowing near the pipe wall is better compared to the middle of the pipe. In other
words, the detection of the material near the sensing zone is higher compared to the area far
away to sensors. The electrodynamic is insensitive to permittivity changes at the center of the
sensor, which is located far from the electrodes. On the other hand, the images produced by
the optical measurement system are shown to be uniform when detecting the materials flow in

the pipeline. It is most sensitive at the center of the pipe. Therefore, in many cases, the
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application of only one tomographic modality is not sufficient to explore all important flow
characteristics. Further work should be carried out to fuse these images so that an accurate

representation of the actual concentration profile can be obtained.

REFERENCES

[1]  Beck, M. S. and Wiliams, R. A, "Process tomography: a European innovation and its
aplications", Meas. Sci. Technol. Vol(7): 215-224, 1996.

[2] Abdul Rahim, R., Chiam, K.T., Jayasuman, P, "Embedded system based optical
tomography: the concentration profile", Sensor Review Journal, Vol.29, No.1, pp. 54-62,
2009.

[3] Xu. H., Baidoo, K., Gunn, A.J., Boswell, A.C., Milenic, D.E., Choyke, P.L. and
Brechbiel, M.W, "Design, Synthesis and Characterization of a Dual Modality Positron
Emission Tomography and Fluorescence Imaging Agent for Monoclonal Antibody Tumor -
Targeted Imaging", Journal Medical Chemical, Vol. 50, 4759-476, 2007.

[4] Abdul Rahim, R., Green R. G., Horbury, N ., Dickin, F. J., Naylor, B. D., and
Pridmore, T. P, "Further development of a tomographic imaging system using optical fibres
for pneumatic conveyors", Meas. Sci. Technol. Vol(7): 419-422, 1993.

[5] T. Dyakowski, G. A. Johansen, D. Sankowski, V. Mosorov, J. Wlodarczky, "A dual
modality tomography system for imaging gas/solids flow", Proceeding 4th World Congress
on Industrial Process Tomography, 2005.

[6] Kak, A. C. and Slaney, M. C. "Principle of Computerized Tomography Imaging",
New York: IEEE Press. The Institute of Electrical and Electronics Engineers, Inc. 1999.

[7]  Ibrahim, Sallehuddin and Green, Robert Garnett, "Optical tomography for imaging
process flow", Proc. MSTC, Melaka, Malaysia, pp. 149-155, October 8th — 10th, 2001

[8]  Sallehuddin bin Ibrahim, "Measurement of Gas Bubbles in a Vertical Water Column
using Optical Tomography", Doctor Philosophy, Sheffield Hallam University, 2000.

[9] Ruzairi bin Abdul Rahim, "A Tomography Imaging System for Pneumatic Conveyors
using Optical Fibers". Doctor Philosophy, Sheffield Hallam University, 1996.

[10] M. F. Rahmat and N.S. Kamaruddin, "An electrodynamic sensor for electrostatic
charge measurement", International Journal on Smart Sensing and Intelligent Systems, vol. 2,

no. 2, june 2009

398



INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS, VOL. 3, NO. 3, SEPTEMBER 2010

[11] Xu, C., Zhang, J., Yang, D., Zhou, B., Tang, G., Wang, S. "Dense-phase
pneumatically conveyed coal particle velocity measurement using electrostatic probes and
cross correlation algorithm", pp012004, 2009.

[12] Green, R. G., Rahmat, M. F., Dutton, K., Evans, K., Goude, A. and Henry, M.,
"Velocity and Mass Flow Rate Profile of Dry Powders in a Gravity Drop Conveyer using an
Electrodynamic Tomography System", Meas. Sci. Technol., Vol. 8, 429-436, 1997.

[13] M. F. Rahmat, N. S. Kamaruddin, and M. D. Isa, "Flow Regime Identification In
Pneumatic Conveyor Using Electrodynamic Transducer and Fuzzy Logic Method",
International Journal on Smart Sensing and Intelligent Systems, Vol. 2, No. 3, September
2009

[14] Deng, X., Dong, F., Xu, L. J., Liu, X. P. and Xu, L. A., "The Design of a Dual-Plane
ERT System for Cross Correlation Measurement of Bubbly Gas/Liquid Pipe Flow".
Measurement Science Technology., Vol. 12, 1024-1031, 2001.

399





