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ABSTRACT

Precise flow control has always been a necessity for developing easier approaches or
instrumentation for two-phase flow regime. An important method for monitoring this process
is called process tomography such as electrical tomography, optical tomography and
ultrasonic tomography (UT). In the case of high-acoustic impedance mixtures e.g. bubbly
flow, UT has the advantages in monitoring real time data. Although various researches were
conducted using UT systems in bubbly flow regimes, there are still weaknesses especially in
real time image reconstruction techniques for monitoring the process. Some efforts such as
linear back projection (LBP), filter back projection (FBP), convolution back projection
(CBP) and iterative techniques are utilized for reconstructing the image with few views data
for UT system. Regardless of the utilized method there still exist two main issues in UT
image reconstruction both in forward and inverse problems. In the case of forward problem,
the gaps between sensitivity maps cause artifacts in a reconstructed image. Moreover, for
inverse problem, limited number of sensors causes artifacts in reconstructed image. In the
case of high noisy environment, the LBP, FBP and CBP methods are not capable of totally
removing the noise and artifacts level. Dynamic motion of flow regime is considered as
another issue in UT system which causes inaccuracy in image reconstruction. Therefore,
these issues were considered in developing a modified image reconstruction algorithm which
was based on improving the CBP algorithm both in forward and inverse problems. A
modified sensitivity map based on Gaussian distribution was utilized to combat the gaps in
forward problem, and for the case of inverse problem, the wavelet fusion technique was
applied to reduce the noise level, artifacts and the effects of dynamic motions. The
simulation and the experimental works had been conducted based on different static profiles.
Various types of image reconstruction algorithms were implemented and compared with the
proposed technique. The quality of the final reconstructed images was evaluated using
structural similarity (SSIM) and peak signal to noise ratio (PSNR). Results show that the
WCBP outperforms LBP and CBP in case of SSIM and PSNR. Comparing to LBP, the
SSIM and PSNR were improved at least by 30% and 5% respectively while for CBP the

improvement were about 5% and 1% respectively.
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ABSTRAK

Kawalan aliran jitu sentiasa menjadi satu keperluan untuk membangunkan pendekatan
yang lebih mudah atau peralatan untuk rejim aliran dua fasa. Satu kaedah penting bagi memantau
proses ini dipanggil proses tomografi seperti tomografi elektrik, optik dan ultrasonik (UT).
Dalam kes campuran galangan akustik tinggi contohnya aliran berbuih, UT mempunyai
kelebihan dalam memantau data masa sebenar. Walaupun pelbagai kajian telah dijalankan
menggunakan sistem UT dalam rejim aliran berbuih, masih terdapat kelemahan terutama dalam
teknik-teknik pembinaan semula imej masa sebenar untuk memantau proses. Beberapa algoritma
seperti unjuran belakang lelurus (LBP), unjuran belakang bertapis (FBP) dan teknik lelaran
digunakan untuk membina semula imej dengan beberapa paparan data untuk sistem UT. Tidak
kira apa kaedah yang digunakan, masih terdapat dua isu utama dalam pembinaan semula imej UT
dalan kedua-dua masalah hadapan dan songsang. Jurang dalam peta sensitiviti mempunyai kesan
negatif ke atas imej yang dibina semula dalam kes masalah hadapan. Selain itu, untuk masalah
songsang jumlah penderia yang terhad menyebabkan artifak dalam imej yang dibina semula.
Dalam kes persekitaran yang amat hingar, kaedah LBP, FBP dan CBP mampu mengenepikan
sepenuhnya tahap hingar dan artifak itu. Gerakan dinamik rejim aliran dianggap sebagai isu lain
dalam sistem UT yang menyebabkan ketidaktepatan dalam pembinaan semula imej. Oleh itu, isu-
isu tersebut telah diambil kira dalam mengubah suai algoritma pembinaan semula imej yang
bertujuan memperbaiki algoritma CBP dalam masalah hadapan dan songsang. Sebuah peta
kepekaan yang telah diubah suai berasaskan taburan Gaussian digunakan untuk mengatasi jurang
yang wujud dalam masalah hadapan dan bagi kes masalah songsang teknik pelakuran gelombang
kecil digunakan untuk mengurangkan tahap hingar, artifak dan kesan gerakan dinamik. Simulasi
dan ujikaji telah dijalankan dalam profil statik yang berbeza. Pelbagai jenis algoritma pembinaan
semula imej telah dilaksanakan dan dibandingkan dengan teknik yang dibentangkan. Kualiti
imej akhir yang dibina semula dinilai dengan menggunakan persamaan struktur (SSIM) dan
nisbah isyarat puncak kepada bunyi (PSNR). Keputusan menunjukkan keunggulan kaedah
WCBP berbanding dengan LBP dan CBP untuk SSIM dan PSNR. Berbanding dengan LBP,
SSIM dan PSNR telah diperbaiki sekurang-kurangnya masing-masing 30% dan 5% manakala

untuk CBP, perbaikannya ialah masing-masing 5% dan 1%.
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CHAPTER 1

INTRODUCTION

1.1  Background of the Study

Multi-phase flow takes place as two or more discrete phases flow in a closed
pipe or a vessel. Examples of phases include gas, liquid or solid and also different
immiscible liquids or solids [1]. Two phase flow of fluids (e.g. gas/liquid,
liquid/liquid, etc.) is an important phenomenon in which two immiscible phases
coexist in a thermodynamic equilibrium. As a two phase flow regime, bubbly flow
column are intensively used as multiphase contactors and reactors in chemical,
biochemical and petrochemical industries. Investigation of design parameters
characterizing the operation and transport phenomena of bubble columns have led to
better understanding of the hydrodynamic properties, heat and mass transfer
mechanisms and flow regime characteristics ongoing during the operation [2, 3].
Due to the stringent regulations on precise flow control especially in the case of two
phase fluid flow,, there has always been a necessity for developing an easier to use,
yet more precise approaches or instrumentation. Accordingly, tomographic
measurement is more significant and attractable especially in today's industrial

process [4].

Process tomography (PT) provides a novel tool for visualizing the internal
behavior of industrial processes. PT which has been applied to various industries is a
versatile technique for producing cross-sectional images of a continuum with the
ability of discerning between the compartments of a heterogeneous phase from the

continuous one [3]. These images provide valuable information on a process, which
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are applicable in monitoring, mathematical model verification and also intelligent
control. In PT the interest is often in extracting valuable information, such as void
fraction (VF), mean velocity. [5]. This information which is provided by processing
the signals received at multiple locations enables the researchers to acquire a global

knowledge of the measured field.

Since 1980 there have been some efforts to develop the industrial PT
techniques. Electrical capacitance tomography (ECT), electrical impedance
tomography (EIT), electrical charge tomography (ECHT), optical tomography (OT),
Gamma-ray, X-ray, magnetic resonance imaging (MRI) and ultrasonic tomography
(UT) are examples of these techniques which are applied in PT based on the inherent
properties of materials [6]. These methods can be categorized as hard-field and soft-
field which in the former case regardless of the type of material or medium, the
direction of travel of the energy waves from the source is constant. UT and X-ray are
two examples of hard-field tomography. On the other hand, in the soft-field, the
electric current is introduced to the medium being imaged and an electric field
distribution is determined based on the physical electrical properties of that material,
allowing a map of resistance, capacitance or impedance distribution to be
reconstructed by a computer to form the tomogram. The nature of soft field is much
more complex than hard field and requires considerably more computer analysis and
algorithms to reconstruct the image [7] because soft field is a nonlinear process while

hard field is a linear one. ECT is an example of soft-field tomography.

Among all these methods, ultrasound is able to detect changes in acoustic
impedance (Z), which is closely related to the density (p) of the media (Z = pc,
where c is the velocity of sound), and thus complements other tomographic imaging
technologies such as ECT and EIT [8]. Therefore, UT imaging can be used in
liquid/gas two-phase flow regime with two-component high-acoustic impedance
mixtures e.g. bubbly flow[9]. Moreover, it is low in cost compared to X-ray or
Gamma-ray methods [10].

UT consists of two parts; hardware and software. Hardware includes the

sensing array which is mounted peripherally around the pipe, electrical circuits
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including signal conditioning and controllers as well as a PC for data processing and
monitoring. After exciting a sensor with an electrical pulse, physical waves will
propagate from the ultrasonic sensor towards the medium. The propagated waves
inside the pipe are scattered and attenuated while they encountered with a wall of
two materials. Therefore, a wave with a weak amplitude can be sensed by the
receivers mounted on the other side of the pipe. After collecting the data from all
receivers, the next step is to feed these data to a PC in order to reconstruct an image
which represent the profile of the materials inside the pipe cross section. This

procedure is called the image reconstruction technique.

The software consists of image reconstruction algorithms which plays an
important role in the last step of cross-sectional monitoring of a pipe. Image
reconstruction consists of two parts namely forward and inverse problem. The
forward problem deals with the theoretical output of each sensor and the sensing area
using sensitivity maps while the objective of the inverse problem is to reconstruct an

image to find the distribution of materials such as gas bubbles inside water.

There are two major categories in the field of image reconstruction methods;
analytical/single step and series expansion/iterative methods [11]. Beside these two
major categories there are some heuristic methods which have been used for image
reconstruction including non-linear, artificial neural network (ANN) [12, 13] and
fusion methods (wavelet fusion) [14, 15], where a dual mode tomography is applied.
Contrary to the speed and simple implementation of analytical methods, they have
limitations in terms of the less number of sensors being used or few view data, which
leads to less accuracy. On the other hand, iterative methods are insensitive to noise
and they are capable of reconstructing an optimal image in the case of incomplete

data but they suffered mostly from low computational speed [16].

There have been some attempts to improve the setup of ultrasonic hardware
for two-phase flow measurement as reported in [17-22]. They deal with different
ultrasonic frequencies, various numbers of sensors, different types of sensors and
speeding up the data acquisition systems to enhance the resulting image. Apart from

hardware setup, some efforts have been made on utilizing new techniques for
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improving the reconstructed image in UT. These image reconstruction techniques
mostly use analytical methods such as linear back projection and filter back
projection to reconstruct an image from projections [23-25]. The high speed of
analytical methods which is a critical point in real-time processing is the main reason
in selecting them rather than the iterative methods. However, the drawback of the
analytical methods is that they do not generate an optimal quality image in the case

of incomplete data.

In UT, the limited number of sensors yields incomplete data which leads to
artifacts and noise in images reconstructed using the analytical method. Therefore, in
this case the VF which depends on the quality of the reconstructed images in UT is
also poor. It should be noted, in industrial process data obtained from VF is used to
calculate some parameters of materials which is very important and critical for
measurement analysis [26, 27]. In order to improve the VF parameter for
reconstructed image, this thesis focuses on developing an image reconstruction
algorithm based on an analytical method for ultrasonic transmission mode
tomography (UTT) system. To this end, for the forward problem a new sensitivity
map is developed to improve the quality of the reconstructed image and in the
inverse problem the wavelet fusion is utilized to reduce noise which appears in the

image.

1.2 Problem Formulation

Some efforts utilizing linear back projection (LBP) [28], filter back projection
(FBP) [29] and algebraic reconstruction techniques [30] have been employed for
reconstructing images with few views of data for the UTT system. Regardless of the
utilized method there still exist two main issues in UTT image reconstruction both in
forward and inverse problems. The subsequent subsections will briefly describe these

issues.



1.2.1 Forward Problem

Figures 1.1(a) to (d) illustrates the 2-D phantom of three air bubbles in liquid
as well as its reconstructed images with LBP method using different sensitivity maps.
The images were reconstructed by considering 16-sensors mounted around the cross
section of a pipe. Figure 1.1 (b) shows the sensitivity maps generated with respect to
the physical length and position of sensors (S1-S16). Figure 1.1 (c) is the
reconstructed image by the LBP method using the sensitivity maps with gaps.
Finally, Figure 1.1(d) is reconstructed using a sensitivity map without gaps. By
comparing Figures 1.1 (c) and (d) it can be concluded that the reconstructed image

by modified sensitivity maps improve the quality of images.

gn. < (©) (d)

Figure 1.1  (a) Phantom simulated in MATLAB (b) sensitivity map of S16-S1-S2
sensors in 2-D view (c) ) Image reconstructed by LBP method with gaps in
sensitivity maps (d) Image reconstructed by LBP method using sensitivity maps

without gap
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In order to reduce the effect caused by gaps, [23] virtually considered the
length of the sensors twice than the physical length and used an equation based on
the inclusion of each pixel with the line between excited transmitter and receiver.
Even this method had covered the gaps but doubling the length of sensors would
result to increase the detectable size of bubbles as well, therefore, the error rate is
still high.

1.2.2 Inverse Problem

Because of the high accuracy of the iterative methods they have been utilized
for offline processing, but their accuracy suffered due to the slow processing speed in
real-time applications [31]. Hence, the analytical method is the best choice for the

UT system.

Based on the physical aspects of the ultrasonic wave propagation which
depends on the properties of the medium, the obtained images from the analytical
methods are noisy and include artifacts. A four bubbles phantom in Figure 1.2 (a)
simulated in MATLAB and its reconstructed images by the LBP and FBP methods in
Figures 1.2 (b) and (c) shows an example of such noisy images. In the case of high
noisy environment the LBP and FBP methods are not capable of totally removing the

noise and artifacts level as shown in Figures 1.2 (b) and (c).

Figure 1.2  (a) Phantom simulated in MATLAB (b) Noisy image reconstructed by
the LBP method (c) Noisy image reconstructed by the FBP method
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The dynamic motion of flow regime is considered as another issue in the UT
system which causes inaccuracy in image reconstruction. In a vertical pipe, the
bubble shape and its velocity is changed during movement from the bottom to top
which effects on temporal and spatial resolution. High frequency is needed to
achieve higher spatial resolution. As an example, the spatial resolution of a system
using array of 333 kHz ultrasonic sensors should be 2.25% of a pipe with inner
diameter of 100 mm [32], but conventional method e.g. LBP and CBP reconstruct

images with low spatial resolution.

1.3 Obijectives of Study

A limited number of sensors in UTT system cause difficulties in two-phase
flow regimes image reconstruction such as creating gaps in the resulting image. The
presence of noise, which commonly occurs in industrial processes, lead to additional
problems. In this research a method is proposed to improve image reconstruction
using a limited number of sensors in UTT system.

According to the stated problems, the main objectives of this thesis are as

follows:

(i) To develop an image reconstruction technique based on the analytical method
in both forward and inverse problems for two-phase flow regimes inside a
vertical pipe using the UT system.

(ii) To implement a real 16-channel UT system for bubbly flow regime by
transceivers sensors.

(iii) To validate the accuracy of modified method results using different image

quality criterions.



1.4 Scope of the Study

The research scopes of this thesis consist of the following parts:

e To study image reconstruction principles and methods employed in
UTT system i.e. LBP, algebraic reconstruction techniques (ART), and
CBP and image fusion techniques based on the wavelet transform.

e To simulate bubbly flow regime in MATLAB software for image
reconstruction techniques and accessed the performance of proposed
image reconstruction algorithms.

e To implement an experimental UTT setup with transceiver sensors for

image reconstruction validity.

1.5  Thesis Layout

The organization of this thesis is structured as follows:

In the first chapter of the thesis an overview of process tomography is
presented and the existing problems in the theory of image reconstruction by UTT
system are elaborated. Based on the formulated problems the objectives and scopes

of the thesis have been defined.

Chapter 2 presents a literature review on tomography including ultrasonic
tomography system. While, some important related works in this area were
critically reviewed and deeply scrutinized, current challenging problems facing each

image reconstruction method are also discussed.

Chapter 3 provides the proposed methods to improve the image
reconstruction technique for UTT systems in both forward and inverse problems and

also presents a new technique to combat the noise effects in image reconstruction.
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Chapter 4 describes the proposed technique using software simulation in
MATLAB. The analytical formulation of the new technique is also presented in this

chapter.

The proposed technique is experimentally verified and the results are
presented in chapter 5. Chapter 5 also discusses the system performance and the

comparison was made with other research works in this scope.

Finally, the research contributions, conclusions and future work as well as

project constraints and limitations are discussed and presented in chapter 6.



REFERENCES

Da Silva, M. J. 2008. Impedance sensors for fast multiphase flow
measurement and imaging. PhD Thesis, Technische Universitat Dresden.
Kantarci, N., F. Borak and K. O. Ulgen. Bubble column reactors. Process
Biochemistry. 2005. 40(7): 2263-2283.

Tan, C., J. Zhao and F. Dong. Gas-water two-phase flow characterization
with Electrical Resistance Tomography and Multivariate Multiscale Entropy
analysis. ISA transactions. 2014, 55, 241-249.

Wahab, Y. A., R. A. Rahim, M. H. F. Rahiman, S. R. Aw, et al. Non-invasive
Process Tomography in Chemical MIXTURES-A Review. Sensors and
Actuators B: Chemical. 2015, 210(2), 602-617.

Hua, L., W. Mi, W. Ying-xiang, M. Yi-xin, et al. Measurement of oil volume
fraction and velocity distributions in vertical oil-in-water flows using ERT
and a local probe. Journal of Zhejiang University Science A. 2005. 6(12):
1412-1415.

Wahab, Y. A., R. A. Rahim, M. H. F. Rahiman, H. A. Rahim, et al. A Review
of Process Tomography Application in Inspection System. Jurnal Teknologi.
2014. 70(3), 35-39.

Wei, H. and M. Soleimani. Electromagnetic Tomography for Medical and
Industrial Applications: Challenges and Opportunities [Point of View]. Proc.
IEEE. 2013. 101(3): 559-565.

Rahiman, M., R. ABDUL RAHIM, N. WEI NYAP and C. KOK SAN.
Monitoring liquid/gas flow using ultrasonic tomography. Proc. 3
International Symposium on Process Tomography, Lodz, Poland, 2004, 130-
133.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

135

Rahiman, M. F., R. A. Rahim and Z. Zakaria. Design and modelling of
ultrasonic tomography for two-component high-acoustic impedance mixture.
Sensors and Actuators A: Physical. 2008. 147(2): 409-414.

Steiner, G. and F. Podd. A non-invasive and non-intrusive ultrasonic
transducer array for process tomography. Proc.of the XVII IMEKOP WORLD
CONGRESS. Rio de Janeiro. 2006. 17-22.

Zeng, G. Image reconstruction—a tutorial. Computerized Medical Imaging
and Graphics. 2001. 25(2): 97-103.

Cierniak, R. New neural network algorithm for image reconstruction from
fan-beam projections. Neurocomputing. 2009. 72(13): 3238-3244.

Cierniak, R. A 2D approach to tomographic image reconstruction using a
Hopfield-type neural network. Artificial intelligence in medicine. 2008. 43(2):
113-125.

Li, S., H. Wang, L. Zhang and W. Fan. Image reconstruction of electrical
resistance tomography based on image fusion. Instrumentation and
Measurement Technology Conference (12MTC), 2011 IEEE: IEEE. 2011. 1-5.
Rahim, R. A., M. H. F. Rahiman, R. M. Zain and H. A. Rahim. Image fusion
of dual-modal Tomography (Electrical Capacitance and Optical) for solid/gas
flow. International Journal of Innovative Computing, Information and
Control. 2011. 7(9): 5119-5132.

Ismail, 1., J. Gamio, S. A. Bukhari and W. Yang. Tomography for multi-
phase flow measurement in the oil industry. Flow Measurement and
Instrumentation. 2005. 16(2): 145-155.

Abbaszadeh, J., H. A. Rahim, R. A. Rahim, S. Sarafi, et al. Design procedure
of ultrasonic tomography system with steel pipe conveyor. Sensors and
Actuators A: Physical. 2013. 203: 215-224.

Ayob, N. M. N., M. J. Pusppanathan, R. A. Rahim, M. H. F. Rahiman, et al.
Small Gas Component Detection using Ultrasonic Transmission-mode
Tomography System. Jurnal Teknologi. 2014. 69(8): 95-100.

Ayob, N. N., M. F. Rahiman, Z. Zakaria, S. Yaacob, et al. Dual-Plane
Ultrasonic Tomography Simulation using Cross-Correlation Technique for

Velocity Measurement in Two-Phase Liquid/Gas Flow. 6th International



20.

21.

22.

23.

24,

25.

26.

217.

28.

136

Colloquium on Signal Processing & Its Applications (CSPA). IEEE. 2010,
322-326.

Supardan, M. D., Y. Masuda, A. Maezawa and S. Uchida. The investigation
of gas holdup distribution in a two-phase bubble column using ultrasonic
computed tomography. Chemical Engineering Journal. 2007. 130(2): 125-
133.

Stotzka, R., G. Gobel and K. Schlote-Holubek. Development of transducer
arrays for ultrasound-computer tomography. Medical Imaging 2003:
International Society for Optics and Photonics. 2003. 513(3): 513-520.
Rahiman, M. F., R. A. Rahim and N. M. N. Ayob. The front-end hardware
design issue in ultrasonic tomography. Sensors Journal, IEEE. 2010. 10(7):
1276-1281.

Rahiman, M. H. F., R. A. Rahim, H. A. Rahim, Z. Zakaria, et al. A Study on
Forward and Inverse Problems for an Ultrasonic Tomography. Jurnal
Teknologi. 2014. 70(3): 113-117.

Desa, M. F. M., M. N. Mansor, A. K. Junoh, A. Ahmed, et al. Ultrasonic
Sonic Imaging for a Two Phase System Based on Support Vector Machine
Classifier. Advanced Materials Research: Trans Tech Publ. 2014. 1016(3):
273-278.

Steiner, G., F. Podd, M. Brandner and D. Watzenig. Iterative model-based
image reconstruction for ultrasound process tomography. XVII IMEKO World
Congress on Metrology for a Sustainable Development. Sept. 17-22. Rio de
Janiero. 2006.

Tapp, H., A. Peyton, E. Kemsley and R. Wilson. Chemical engineering
applications of electrical process tomography. Sensors and Actuators B:
Chemical. 2003. 92(1): 17-24.

Sardeshpande, M. V., S. Harinarayan and V. V. Ranade. Void fraction
measurement using electrical capacitance tomography and high speed
photography. Chemical Engineering Research and Design. 2015. 94: 1-11.
Abdul Wahab, Y., M. Ahmad, R. Abdul Rahim and M. Fazalul Rahiman.
Application of transmission-mode ultrasonic tomography to identify
multiphase flow regime. Electrical, Control and Computer Engineering
(INECCE), 2011 International Conference on: IEEE. 2011. 119-123.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

137

Xu, L.-J. and L.-A. Xu. Ultrasound tomography system used for monitoring
bubbly gas/liquid two-phase flow. Ultrasonics, Ferroelectrics, and
Frequency Control, IEEE Transactions on. 1997. 44(1): 67-76.

Peterlik, I, R. JI “RiK, N. Ruiter and J. JAN. Regularized image
reconstruction for ultrasound attenuation transmission tomography.
Radioengineering. 2008. 17(2): 125-132.

Beck, M. S. Process Tomography: Principles, Techniques and Applications:
Butterworth-Heinemann. 2012

Rahiman, M. H. F., R. A. Rahim and N. M. N. Ayob. The front-end hardware
design issue in ultrasonic tomography. Sensors Journal, IEEE. 2010. 10(7):
1276-1281.

Dyakowski, T. Process tomography applied to multi-phase flow
measurement. Measurement Science and Technology. 1996. 7(3): 343.
Teniou, S. and M. Meribout. Multiphase flow meters principles and
applications: a review. Can. J. Sci. Ind. Res. 2011. 2(8): 290-293.

Deng, X. and W. Yang. Fusion research of electrical tomography with other
sensors for two-phase flow measurement. Measurement Science Review.
2012. 12(2): 62-67.

Banasiak, R., R. Wajman, T. Jaworski, P. Fiderek, et al. Study on two-phase
flow regime visualization and identification using 3D electrical capacitance
tomography and fuzzy-logic classification. International Journal of
Multiphase Flow. 2014. 58: 1-14.

Beck, M. and R. Williams. Process tomography: a European innovation and
its applications. Measurement Science and Technology. 1996. 7(3): 215-224.
York, T. Status of electrical tomography in industrial applications. Journal of
Electronic Imaging. 2001. 10(3): 608-619.

Soleimani, M. Computational aspects of low frequency electrical and
electromagnetic tomography: A review study. Int. J. Numer. Anal. Model.
2008. 5(3): 407-440.

Elmajri, M. M. A tomography imaging system using two types of sensors.

M.S. Universiti Teknologi Malaysia, Faculty of Electrical Engineering; 2008



41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

138

Wu, C., Y. Cheng, Y. Ding, F. Wei, et al. A novel X-ray computed
tomography method for fast measurement of multiphase flow. Chemical
engineering science. 2007. 62(16): 4325-4335.

Hori, K. and M. Akai. Measurement of variation in void fraction distribution
by the fast x-ray CT scanner Graph. Simul. Vis. Multiphase Flow. 1993. 21:
96-114.

Hori, K., T. Fujimoto and K. Kawanishi. Application of cadmium telluride
detector to high speed X-ray CT scanner. Nuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment. 1996. 380(1): 397-401.

Misawa, M., I. Tiseanu, H. Prasser, N. Ichikawa, et al. Ultra-fast x-ray
tomography  for  multi-phase  flow interface  dynamic  studies.
KERNTECHNIK-BILINGUAL EDITION-. 2003. 68(3): 85-90.

E Schmit, C. and R. B. Eldridge. Investigation of X-ray imaging of vapor—
liquid contactors. 1. Studies involving stationary objects and a simple flow
system. Chemical engineering science. 2004. 59(6): 1255-1266.

Bieberle, M., F. Fischer, E. Schleicher, U. Hampel, et al. Ultrafast limited-
angle-type x-ray tomography. Applied Physics Letters. 2007. 91(12): 123516.
Zhang, W., C. Wang, W. Yang and C.-H. Wang. Application of electrical
capacitance tomography in particulate process measurement—A review.
Advanced Powder Technology. 2014. 25(1): 174-188.

Huang, S. Impedance sensors—dielectric systems. Process Tomography,
Butterworth-Heinemann Ltd, London. 1995: 49-62.

Warsito, W. and L.-S. Fan. Measurement of real-time flow structures in gas—
liguid and gas-liquid-solid flow systems using electrical capacitance
tomography (ECT). Chemical Engineering Science. 2001. 56(21): 6455-6462.
Huang, Z., B. Wang and H. Li. Application of electrical capacitance
tomography to the wvoid fraction measurement of two-phase flow.
Instrumentation and Measurement, IEEE Transactions on. 2003. 52(1): 7-12.
Gamio, J., J. Castro, L. Rivera, J. Alamilla, et al. Visualisation of gas—oil
two-phase flows in pressurised pipes using electrical capacitance

tomography. Flow Measurement and Instrumentation. 2005. 16(2): 129-134.



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

139

Ismail, I., A. Shafquet and M. N. Karsiti. Application of electrical
capacitance tomography and differential pressure measurement in an air-
water bubble column for online analysis of void fraction. Modeling,
Simulation and Applied Optimization (ICMSAO), 2011 4th International
Conference on: IEEE. 2011. 1-6.

Peng, L., J. Ye, G. Lu and W. Yang. Evaluation of effect of number of
electrodes in ECT sensors on image quality. Sensors Journal, IEEE. 2012.
12(5): 1554-1565.

Warsito, W., Q. Marashdeh and L.-S. Fan. Electrical capacitance volume
tomography. Sensors Journal, IEEE. 2007. 7(4): 525-535.

Wang, A., Q. Marashdeh, B. J. Motil and L.-S. Fan. Electrical capacitance
volume tomography for imaging of pulsating Flows in a trickle BEd.
Chemical Engineering Science. 2014. 119:77-87.

Wang, F., Q. Marashdeh, L.-S. Fan and W. Warsito. Electrical capacitance
volume tomography: design and applications. Sensors. 2010. 10(3): 1890-
1917.

Beck, M. S. Process tomography: principles, techniques and applications:
Butterworth-Heinemann. 1995

George, D., J. Torczynski, K. Shollenberger, T. O’Hern, et al. Validation of
electrical-impedance tomography for measurements of material distribution
in two-phase flows. International Journal of Multiphase Flow. 2000. 26(4):
549-581.

Sharifi, M. and B. Young. Electrical resistance tomography (ERT)
applications to chemical engineering. Chemical Engineering Research and
Design. 2013. 91(9): 1625-1645.

Dong, F., X. Qiao, Z. Jiang and L.-a. Xu. Void fraction measurement of the
gas-liquid two-phase flows in vertical pipes using electrical resistance
tomography. Tianjin Daxue Xuebao(J. Tianjin Univ. Sci. Technol.)(China).
2004. 37(6): 510-514.

Dong, F., Y. Xu, L. Hua and H. Wang. Two methods for measurement of
gas-liquid flows in vertical upward pipe using dual-plane ERT system.
Instrumentation and Measurement, IEEE Transactions on. 2006. 55(5): 1576-
1586.



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

140

Hua, S. and F. Dong. Flowrate measurement with characteristic value cross-
correlation by ERT in two-phase vertical pipe flows. Machine Learning and
Cybernetics, 2006 International Conference on: IEEE. 2006. 1428-1432.
Meng, Z., Z. Huang, B. Wang, H. Ji, et al. Air—water two-phase flow
measurement using a Venturi meter and an electrical resistance tomography
sensor. Flow Measurement and Instrumentation. 2010. 21(3): 268-276.
Wang, R., B. A. Lee, J. S. Lee, K. Y. Kim, et al. Analytical estimation of
liquid film thickness in two-phase annular flow using electrical resistance
measurement. Applied Mathematical Modelling. 2012. 36(7): 2833-2840.
Wang, R., L. Miao and Y. Ma. A reference conductivity fitting method for
ERT system to achieve void fraction of gas/liquid flow. Flow Measurement
and Instrumentation. 2014. 40: 206-215.

Rahim, R. A. A tomography imaging system for pneumatic conveyors using
optical fibres. Ph.D. Thesis. Sheffield Hallam University; 1996.

Ibrahim, S. Measurement of gas bubbles in a vertical water column using
optical tomography. Ph.D. Thesis. Sheffield Hallam University; 2000
Rahmat, M. Dual modality tomography system using optical and
electrodynamic sensors for tomographic imaging solid flow. international
Journal on Smart Sensing and intelligent Systems. 2010. 3(3): 389-399.
Coronado Diaz, H. and R. J. Hugo. Experimental Investigation of an Index-
Mismatched Multiphase Flow Using Optical Techniques. Advances in
Optical Technologies. 2013. 2013; 1-12.

Rzasa, M. R. Selection of Optical Tomography Parameters for Gas Bubble
Shape Analysis. Chemical and Process Engineering. 2014. 35(1): 19-33.
Zain, R. M., R. A. Rahim, M. H. F. Rahiman and J. Abdullah. Simulation of
image fusion of dual modality (electrical capacitance and optical
tomography) in solid/gas flow. Sensing and Imaging: An International
Journal. 2010. 11(2): 33-50.

Mosorov, V., D. Sankowski and R. M. Zain. A dual modality reconstruction
algorithm  for  optical and electrical capacitance tomography.
Automatyka/Akademia GOrniczo-Hutnicza im. Stanistawa Staszica w
Krakowie. 2006. 10: 195-202.



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

141

Schabowicz, K. Ultrasonic tomography—The latest nondestructive technique
for testing concrete members—Description, test methodology, application
example. Archives of Civil and Mechanical Engineering. 2014. 14(2): 295-
303.

Hoyle, B. S. Real-Time Ultrasonic Process Tomography of Flowing
Mixtures. Particle & particle systems characterization. 1995. 12(2): 81-86.
Plaskowski, A., M. Beck and J. Krawaczynski. Flow imaging for multi-
component flow measurement. Transactions of the Institute of Measurement
and Control. 1987. 9(2): 108-112.

Wiegand, F. and B. S. Hoyle. Simulations for parallel processing of
ultrasound reflection-mode tomography with applications to two-phase flow
measurement. Ultrasonics, Ferroelectrics and Frequency Control, IEEE
Transactions on. 1989. 36(6): 652-660.

Wolf, J. Investigation of bubbly flow by ultrasonic tomography. Particle &
Particle Systems Characterization. 1988. 5(4): 170-173.

Gai, H., Y. Li, A. Plaskowski and M. Beck. Flow imaging using ultrasonic
time-resolved transmission mode tomography. Image Processing and its
Applications, 1989., Third International Conference on: IET. 1989. 237-241.
Wiegand, F. and B. Hoyle. Real-time parallel processing in industrial flow
measurement using transputer arrays. Proceedings of the conference on
CONPAR 88: Cambridge University Press. 1989. 482-491.

Brown, G., D. Reilly and D. Mills. Development of an ultrasonic tomography
system for application in pneumatic conveying. Measurement Science and
Technology. 1996. 7(3): 396.

Li, W. and B. Hoyle. Ultrasonic process tomography using multiple active
sensors for maximum real-time performance. Chemical engineering science.
1997. 52(13): 2161-2170.

Yang, M., H. I. Schlaberg, B. S. Hoyle, M. S. Beck, et al. Real-time
ultrasound process tomography for two-phase flow imaging using a reduced
number of transducers. Ultrasonics, Ferroelectrics, and Frequency Control,
IEEE Transactions on. 1999. 46(3): 492-501.



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

142

Xu, L.-J. and L.-A. Xu. Ultrasound tomography system used for monitoring
bubbly gas/liquid two-phase flow. Ultrasonics, Ferroelectrics and Frequency
Control, IEEE Transactions on. 1997. 44(1): 67-76.

Xu, L., Y. Han, L.-A. Xu and J. Yang. Application of ultrasonic tomography
to monitoring gas/liquid flow. Chemical Engineering Science. 1997. 52(13):
2171-2183.

Xu, L. and L. Xu. Gas/liquid two-phase flow regime identification by
ultrasonic tomography. Flow Measurement and Instrumentation. 1998. 8(3):
145-155.

Yang, M., H. I. Schlaberg, B. S. Hoyle, M. S. Beck, et al. Real-time
ultrasound process tomography for two-phase flow imaging using a reduced
number of transducers. Ultrasonics, Ferroelectrics and Frequency Control,
IEEE Transactions on. 1999. 46(3): 492-501.

Rahim, R. A., M. Fazalul Rahiman and M. Taib. Non-invasive ultrasonic
tomography: Liquid/gas flow visualization. Computers, Communications, &
Signal Processing with Special Track on Biomedical Engineering, 2005.
CCSP 2005. 1st International Conference on: IEEE. 2005. 243-247.
Rahiman, M. H. F., R. A. Rahim and M. Tajjudin. Ultrasonic transmission-
mode tomography imaging for liquid/gas two-phase flow. Sensors Journal,
IEEE. 2006. 6(6): 1706-1715.

Rahim, R. A., M. Rahiman, K. Chan and S. Nawawi. Non-invasive imaging
of liquid/gas flow using ultrasonic transmission-mode tomography. Sensors
and Actuators A: Physical. 2007. 135(2): 337-345.

Muhamad, I., Y. Wahab and S. Saat. Identification of water/solid flow regime
using ultrasonic tomography. System Engineering and Technology (ICSET),
2012 International Conference on: IEEE. 2012. 1-5.

Ayob, N. N., S. Yaacob, Z. Zakaria, M. Fazalul Rahiman, et al. Improving
gas component detection of an ultrasonic tomography system for monitoring
liquid/gas flow. Signal Processing and Its Applications (CSPA), 2010 6th
International Colloguium on: IEEE. 2010. 1-5.

Ayob, N. N., M. H. F. Rahiman, Z. Zakaria, S. Yaacob, et al. Detection of

small gas bubble using ultrasonic transmission-mode tomography system.



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

143

Industrial Electronics & Applications (ISIEA), 2010 IEEE Symposium on:
IEEE. 2010. 165-170.

Rahiman, M., R. A. Rahim and Z. Zakaria. Design and modelling of
ultrasonic tomography for two-component high-acoustic impedance mixture.
Sensors and Actuators A: Physical. 2008. 147(2): 409-414.

Rahiman, M. H. F., Z. Zakaria, R. A. Rahim and W. N. Ng. Ultrasonic
tomography imaging simulation of two-phase homogeneous flow. Sensor
Review. 2009. 29(3): 266-276.

Fazalul Rahiman, M., Z. Zakaria and R. A. Rahim. Ultrasonic process
tomographic imaging sensor: an approach utilising transceivers method.
Computer and Communication Engineering, 2008. ICCCE 2008.
International Conference on: IEEE. 2008. 1147-1150.

Rahiman, M. H. F., R. A. Rahim, H. A. Rahim and N. M. N. Ayob. Novel
adjacent criterion method for improving ultrasonic imaging spatial resolution.
Sensors Journal, IEEE. 2012. 12(6): 1746-1747.

Rahiman, M., R. Rahim, H. Rahim, E. Mohamad, et al. An investigation on
chemical bubble column using ultrasonic tomography for imaging of gas
profiles. Sensors and Actuators B: Chemical. 2014. 202: 46-52.

Takeda, Y. Ultrasonic Doppler velocity profiler for fluid flow, ed. Vol. 101:
Springer Science & Business Media. 2012

Yang, L., C. G. Xu, X. H. Guo, X. L. Li, et al. Multi-Objects Ultrasonic
Tomography by Immersion Circular Array. Advanced Materials Research:
Trans Tech Publ. 2014. 879-883.

Rahim, R. A., N. W. Nyap, M. H. F. Rahiman and C. K. San. Determination
of water and oil flow composition using ultrasonic tomography techniques.
Electrika. 2007. 9(1): 19-23.

Krautkramer, J. and H. Krautkramer. Ultrasonic testing of materials: Springer
Science & Business Media. 2013

Rahiman, M. H. F., H. A. Rahim, N. M. N. Ayob and R. A. Rahim. Design
and development of ultrasonic process tomography: InTech Open Access
Publisher. 2012

RAHIMAN, M. H. B. F. Ultrasonic tomography system for liquid/gas bubble
column. Universiti Teknologi Malaysia; 2013



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

144

Dai, W. Approach to Solve Ill-posed Inverse Problem in Image
Reconstruction from Projections. The 2009 International Symposium on
Information Processing (ISIP 2009). 2009. 338-341.

Deans, S. R. The Radon transform and some of its applications: Courier
Corporation. 2007

Herman, G. T. Image reconstruction from projections. Real-Time Imaging.
1995. 1(1): 3-18.

Dreike, P. and D. P. Boyd. Convolution reconstruction of fan beam
projections. Computer Graphics and Image Processing. 1976. 5(4): 459-469.
Chaouki, J., F. Larachi and M. P. Dudukovic. Non-invasive monitoring of
multiphase flows: Elsevier. 1997

Lasaygues, P., R. Guillermin and J.-P. Lefebvre. Ultrasonic computed
tomography. Bone Quantitative Ultrasound. Springer. 441-459; 2011

Fessler, J. A. Image reconstruction: Algorithms and analysis. Under
preparation. 2008.

Zurner, A., M. Ddblinger, V. Cauda, R. Wei, et al. Discrete tomography of
demanding samples based on a modified SIRT algorithm. Ultramicroscopy.
2012. 115: 41-49.

Hsieh, J. Computed tomography: principles, design, artifacts, and recent
advances: SPIE Bellingham, WA. 20009.

Herman, G. T. Fundamentals of computerized tomography: image
reconstruction from projections: Springer Science & Business Media. 2009
Buzug, T. M. Computed tomography: from photon statistics to modern cone-
beam CT: Springer. 2008

Ramachandran, G. and A. Lakshminarayanan. Three-dimensional
reconstruction from radiographs and electron micrographs: application of
convolutions instead of Fourier transforms. PNAS. 1971. 68(9): 2236-2240.
Shepp, L. A. and B. F. Logan. The Fourier reconstruction of a head section.
Nuclear Science, IEEE Transactions on. 1974. 21(3): 21-43.

Hounsfield, G. A method of and apparatus for examination of a body by

radiation such as. X or gamma radiation, The Patent Office, London. 1972.



118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

145

Gordon, R., R. Bender and G. T. Herman. Algebraic reconstruction
techniques (ART) for three-dimensional electron microscopy and X-ray
photography. Journal of theoretical Biology. 1970. 29(3): 471-481.

Andersen, A. and A. C. Kak. Simultaneous algebraic reconstruction
technique (SART): a superior implementation of the ART algorithm.
Ultrasonic imaging. 1984. 6(1): 81-94.

Gilbert, P. Iterative methods for the three-dimensional reconstruction of an
object from projections. Journal of Theoretical Biology. 1972. 36(1): 105-
117.

Saha, S., M. Tahtali, A. Lambert and M. Pickering. Novel algebraic
reconstruction technique for faster and finer CT reconstruction. Fifth
International Conference on Machine Vision (ICMV 12): International
Society for Optics and Photonics. 2013. 1-6.

Pusppanathan, J., M. Faramarzi, F. R. Yunus, N. M. N. Ayob, et al. Image
Fusion Using Fuzzy Logic Pixel Fusion for Dual Modality Tomography
System. Jurnal Teknologi. 2014. 70(3): 41-44.

Li, H., B. Manjunath and S. K. Mitra. Multisensor image fusion using the
wavelet transform. Graphical models and image processing. 1995. 57(3):
235-245.

Sadjadi, F. Comparative image fusion analysais. Computer Vision and
Pattern Recognition-Workshops, 2005. CVPR Workshops. IEEE Computer
Society Conference on: IEEE. 2005. 3: 20-26.

Alexander, M., R. Baumgartner, A. Summers, C. Windischberger, et al. A
wavelet-based method for improving signal-to-noise ratio and contrast in MR
images. Magnetic Resonance Imaging. 2000. 18(2): 169-180.

Deng, A., J. Wu and S. Yang. An Image Fusion Algorithm Based on Discrete
Wavelet Transform and Canny Operator. Advanced Research on Computer
Education, Simulation and Modeling. Springer. 32-38; 2011

Pajares, G. and J. M. De La Cruz. A wavelet-based image fusion tutorial.
Pattern recognition. 2004. 37(9): 1855-1872.

Muji, M. and S. Zarina. Optical tomography for solid gas measurement using

mixed projection. Universiti Teknologi Malaysia; 2012



129.

130.

131.

132.

133.

134.

146

Marashdeh, Q., W. Warsito, L.-S. Fan and F. L. Teixeira. Nonlinear forward
problem solution for electrical capacitance tomography using feed-forward
neural network. Sensors Journal, IEEE. 2006. 6(2): 441-449.

Jovanovi¢, 1. Inverse Problems in Acoustic Tomography: Theory and
Applications. 2008

Xie, C., S. Huang, C. Lenn, A. Stott, et al. Experimental evaluation of
capacitance tomographic flow imaging systems using physical models.
Circuits, Devices and Systems, IEE Proceedings-: IET. 1994. 357-368.

Muji, S. Z. M., R. A. Rahim, M. H. F. Rahiman, S. Sahlan, et al. Optical
tomography: a review on sensor array, projection arrangement and image
reconstruction algorithm. International Journal of Innovative Computing
Information and Control. 2011. 7(7): 3839-3856.

Torras Rosell, A., O. Lylloff, S. Barrera Figueroa and F. Jacobsen.
Reconstruction methods for sound visualization based on acousto-optic
tomography. INTER-NOISE 2013. 2013. 1-10.

Wang, Z., A. C. Bovik, H. R. Sheikh and E. P. Simoncelli. Image quality
assessment: from error visibility to structural similarity. Image Processing,
IEEE Transactions on. 2004. 13(4): 600-612.



	First Page.pdf (p.1)
	Supervisor Sign.pdf (p.2)
	Finala Thesis for CD.pdf (p.3-174)



