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BOOLEAN LOGIC METHOD FOR FLOW REGIME  
RECOGNITION

PERIODICAL FLOWS

Figure 3. Air concentration profiles under differing water flow rates  
(left, Qa = 5 SLPM, right, 10 SLPM)

Figure 4. Concentration distribution in OBR [2]

[1] Li, H., Wang, M., Wu, Y. and Lucas, G (2009) Multi. Sci. Techn. Vol, 21(i1-2.70), 81-93.

[2] Issa, M., Li, H., Schlaberg, H. I., Wang, M. and Williams, R. A. (2009) Proceedings of 3rd International  
      Workshop on Process Tomography (IWPT-3) Tokyo, Japan.

[3] Ramskill, N. P. and Wang, M. (2010) Proceedings of 6th World Congress on Industrial Process  
      Tomography, Beijing, China.

Advanced tomographic insight into
 multiphase flows

Prof. Mi Wang
University of Leeds

Multiphase flows occur in many operations in the chemical, petroleum 
and power generation industries, which cover both multi-component and  
multiphase. Because of the complex interaction between the phases the  
measurement of key parameters, such as: concentration, local velocity, and  
mass flow rate, is extremely challenging. New electrical tomography advances have 
been made in these areas however and are outlined in the 3 case studies below.

Figure 1. Construction of two-
phase mass flowmeter [1]   

Figure 2. Experimental concentration profiles compared with a 
theoretical model [1].

Conventional cross correla-
tion flow sensing methods are  
unable to extract the dynamics in  
periodically oscillating flows. The high 
speed EIT approach coupled with a 3D  
interpolation method has been shown to 
reveal the nature of the OBR  
characteristics (Figure 4). The study 
has demonstrated that oscillatory  
frequency has a larger impact on mixing than  
amplitude. 1case

TWO-PHASE MASS FLOW MEASUREMENT

2case

             A new method of two-phase mass flow measurement has been  
        developed.  This combines a high-performance, dual-plane, electrical  
    impedance tomography (EIT) system with a commercial electro- 
magnetic flowmeter and a venture differential pressure sensor [1].  This provides an  
estimate of the velocity of the continuous phase (e.g. water); and an  
average mixture density.  This gives a reference to the volume fraction  
measurement gained from the EIT sensor (Fig. 1).  Experimental results agree  
with predictions of a theoretical model (Figs.2, 3).

3case

  The challenging two-phase flow operation of the Oscillatory Baffle  
 Reactor (OBR) mixing system has been investigated using an extended EIT  
      system.  A third generation system operating at >1000 frames per second  
   has been deployed to visualise the internal distribution resulting from strokes of  
the OBR piston.  The aim is to investigate the optimisation of mixing in the OBR.

      In order to develop a flow meter for the accurate measurement  
      of multiphase flows it is of the utmost importance to correctly identify the 
    flow pattern present. This present study proposes a Boolean logic method  
for recognition of the prevalent flow regime using only a  
fraction of image data [3] thus rendering the analysis more  
efficient. Application of the Boolean logic scheme enables a  
quantitative comparison of the flow patterns thus reducing the  
subjectivity in the identification of the prevalent regime.
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Industrial tomography applications typically present the challenge of  
gaining spatial distribution data from observations outside the process  
boundary.  In contrast, in many large scale and wide area applications the major 
challenge is gaining effective coverage of the enclosed space using practicable  
resources at a reasonable cost.  Distributed infrastructures such as  
mining operations and open processes require a variety of sensing and  
actuation duties and typically feature an intrinsic spatial organization.  
Wireless sensor network (WSN) technology now offers a viable platform for  
distributing a large number of sensing (and actuation) elements within  
a wide area.  Although their communication capabilities are powerful, WSN’s  
offer only crude facilities for process monitoring in principle, through the periodic  
transmission of data from each node to a base node.  

The term Infratronics describes heterogeneous wired and wireless networks, aug-
mented by smart cooperating agents (Fig. 1) [1]. These enable a variety of distributed 
monitoring and control functions, such as high level interpretations related to the 
overall role or mission of the system:-

	 Is	the	system	operating	normally?
	 Is	there	a	fault	or	exception,	and	if	so	what	are	its	extents	and	states?
	 What	is	the	distribution	of	a	spatial	variable?

Where nodes have knowledge of their location their spatial distribution 
is an emergent network property which can be exploited to deliver smart  
operation in which multiple tasks can be consigned to a group of nodes.  Specific  
spatial awareness properties can be realised through simple cooperation  
mechanisms within the network, both for fixed and mobile nodes, realising an  
Infratronic network [2].

[1] Hoyle B. S. (2005) “Cooperating sensor nodes in spatially critical networks for smart  
        measurement and monitoring systems.” Proc. Smart Object Systems Workshop, UbiComp 2005. Tokyo,  
        Japan. pp. 77-82.
[2] Hoyle, B. S. (2009) “Location aware distributed agents in intelligent environments.”  
  5th International Conference on Intelligent Environments.” Barcelona, Spain. pp.161-168 
[3]   Baloch, J. A. and Hoyle, B. S. (2010) “Smart Spatially Aware Sensing and Actuation System.” IEEE  
        Sensors Conference 2010. November 2010, to be published.

Figure 1. Spatial agent cooperation in heterogeneous wired and wireless networks. 

Figure 2. Cardinal and Threshold operations Figure 3. Isoline tracking

These highly efficient local cooperation mechanisms enable distributed tasks 
that can realise holistic application focussed operations.  For example, to  
automatically detect the cardinal (highest or lowest) value in a wide area  
distribution, and periodically send a single directed alert message to a  
monitoring point.  A simple message can notify the network of an  
interest in a threshold level, perhaps a gas concentration value, and again nodes  
having this level can alert this status (Fig. 2).  This may be configured as the  
tracking of a moving isocline in which the set of points is contained in an alert message  
(Fig.3) [3].  These facilities offer major benefits in the autonomous and distributed 
monitoring of wide area infrastructures – the new capability of Infratography.	

Infratography - wide area sensing

Prof. Brian Hoyle
University of Leeds
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Efforts have now moved on to  
microfluidic systems in which the  
channels frequently have a  
rectangular cross-section [3]. 
Micro-fluidics is the science of manipulating  
and analyzing minute volumes of fluids and 
has the potential to change the way modern  
chemistry and biology is  
performed. Typical sizes of  
the cross-sectional dimensions of  
micro-fluidic channels are from about  
5-100μm. 

A vast majority of microfluidic devices are 
simple planar microchips fabricated by  
photolithography on substrates 
such as glass, silicon or polymers.  
Current commercial interest is in plastic  
fabrication for single-use disposable  
microfludic devices. 

There are several suggested  advantages 
of microfluidic systems including; reduced  
inventory of reagent and sample  
consumption, improved separation efficiency, 
reduced power consumption and portability. 
A subsection of microfluidics is the emergence 
of droplet-based microfluidics with droplets 
as discrete fluidic volumes created by two  
immiscible phases. Droplets can be seen 
as micro-reactors that can be transported,  
sorted, mixed and individually analyzed.  

Figure 3. Schematic of electrode 
 arrangement in microfluidic channel

Figure 4. Reconstructed images of  
objects in the channel

[1] York, T. A. Phua, T. N., Reichelt, L., Pawlowski, A., Kneer, R. (2006) Meas. Sci & Tech. 17, 8, 2119-2129
[2] Tapp, H. S. and Williams, R. A. (2000) Special Issue of Chem. Eng. J., 77, 1-2, 119-125.
[3] Quek, S., Mohr, S., Goddard, N., Fielden, P and York, T. (2010) “Miniature electrical tomography for  
      Micro-fluidic systems.” 6th World Congress on Industrial Process Tomography, Beijing, China.

Most previous applications of electrical tomography have been on a 
scale from centimetres to metres. Some efforts have explored miniature  
electrical tomography [1] [2] and these have been based on  
circular sensor geometries. York et al (2006) reported an electrical  
capacitance tomography system based on a custom silicon chip  
mounted on a ceramic PCB hosting a 1mm diameter “sensor” comprising 8  
electrodes (Fig. 1). The system, originally targeted at fuel injection, obtained images 
of the doses from an inhaler (Fig 2), with a rate of 6000 measurement frames per 
second,  over a period of 70 ms. 

 Figure 1. Ultrasonically drilled hole for  
8-electrode ECT sensor

Prof. Trevor York
University of Manchester

Miniature electrical tomography -  
imaging sprays and micro-fluids

Figure 2. ECT images of the dose from an inhaler over 70 
ms. (blue - air, red - ventolin.) 

Droplets in small channels (Fig 3 & 4.) also allow fluid flows with no dispersion,  
which is a general problem with single-phase fluids. In addition, when such droplets  
are surrounded by an immiscible fluid it can prevent contact between the  
surface of the chip and the sample within the droplet, eliminating adverse effects due  
to the large surface to volume ratios. 
Since identical droplets are produced with a very high rate in one  
experiment, parallel processing is achievable to produce large data sets.   
These advantages offer the potential of higher throughput and the possibility to  
create new products.
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in tablets and agglomerates

[1]    Selomulya, C., Tran, T. M., Williams, R. A. and Amal, R. (2006) AlChE Journal. 52, 10 pp.3394-400
[2]    Zeidan, M., Jia, X. and Williams, R. A. (2007) Chem. Eng. Science. 62, 7 pp. 1905-14
[3]    Moreno-Atanasio, R., Williams, R. A. and Xia, J. (2010) Particuology. 8, 2. pp. 81-99
[4]    Jia, X. and Williams, R. A. (2006) Dissolution Technologies. 13, 2. pp. 11-19.
[5]    Jia, X. and Williams, R. A. (2007) Chem. Eng. Res. & Design. 85, A7.

Figure 1. a)  An X-ray shadow image, a reconstructed cross-sectional slice and a 3D view of 
the scanned Aspirin tablet. The 3D view has a quarter of the tablet digitally cut out to reveal  
the internal structure. b) Cross-sectional view of the tablet in its initial and disintegrated  

states (5).

Figure 2. Direct prediction of agglomerate dissolution using tomographic data for  
structure linked with digital 3d computation. The graph shows different rates of chemical  

release are dependent on geometry of agglomorates. [4]

Tomographic measurements at the micro-scale enable micro-scale  
phenomena to be understood and modelled. This has been a new  
frontier  for our research in tomography. This theme is of critical importance 
in a number of areas, especially in controlled release of drugs and efficacy of  
consumer products (tablets, detergents, powders, food,  
cement etc). Our new work used micro-x-ray tomography to  
verify advanced structural simulations of the way in which  
materials dissolves and releases chemical components. It also enables im-
proved understanding of the concomitant physical decomposition and 
disintegration.

There have been two main achievements of our recent work. First,  
advancing our understanding of utilising voxelated x-ray tomographic data  
alongside  new digital three dimensional simulation models [1].  As reviewed [2]  
comparison of space-defined or property defined variations require careful  
consideration. It is not a matter of fusing images – since such methods can result in 
very high propagation of error. Modelling process behaviour is best  undertaken by 
tracking process parameters directly. New guidance for this has been provided [3].

Secondly, micro-tomograph structural data, tagged with voxel  
properties, has been used to build predictive simulations models for chemical  
behaviours. This has been applied to dissolution of compacts (e.g. tablets), Fig 1 [4], 
and in the dissolution response of agglomerates, Fig 2 [5]. This has applications in 
pharmaceutical, agrochemical and food science.

Prof. Richard Williams
University of Leeds
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Prof. Mi Wang
University of Leeds

A new high-speed electrical impedance tomography has been  
developed for on-line imaging of two-phase flows.  The system is designed in a  
modular form; it consists of several data acquisition and computing modules.  
The sensing interface exploits a novel current switching scheme designed to  
overcome transient delays due to coupling circuits.  The computing modules  
feature a TMS320-series digital signal processor (DSP) which provides a fast 
IEEE1394 link to a host computer (Fig.1).  A speed of  1164 dual-frames per 
second (2.383 x 106 data points) is attained with RMS error of less than 0.6%  
(demonstrated at 80kHz in a static test) [1].

Several DSP modules can be pipelined to support a range of tasks; from  
fundamental tomographic image reconstruction, to flow velocity estimation  
(Fig. 2).  Features of high speed, and the ability to image complete complex impedance  
components, provides new capabilities to address major emergent challenges in  
process applications (Fig. 3).  The instrument can be applied to both scientific  
measurement and industrial monitoring and control [2].

[1] Wang, M., Ma, Y., Holliday, N., Dai, Y., Williams, R. A. and Lucas, G. (2005) “A high  
       performance EIT system,” IEEE Sensors Journal. vol. 5, No. 2, 289-299
[2] Schlaberg, H. I., Jia, J., Qiu, C., Wang, M., and Li, H. (2008) “Development and  
   application of the fast impedance camera - a high performance dual-plane electrical impedance  
     tomography system.” Proceedings of 5th International Symposium on Process Tomography, Zakopane,      
      Poland.
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Figure 1. System Structure [1]

Figure 2. (above) Visualization of two bubbles 
flowing through two adjacent sensing planes [2]

Figure 3. (right) Amplitude (left screen shot) and 
phase (right screenshot) images of a  

metal (top row), polymer (middle row) and banana 
(bottom row) with their setups shown in the  

photographs. [2]

New process characterisation from dual 1000+ images /s
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More information could be obtained by acquiring the signals generated by   
  the coupling between all the coil pair combinations.  For example in Fig 1 a  
    linear six coil array is placed above an aluminium plate.  The diagram on the  
     left shows the circulation of the induced eddy currents produced when the  
      second coil is active.  The image shows a defect reconstructed from the  
      data from all combinations of self and mutual inductances from the coil array.  Such  
an image would not be possible taking the conventional approach of using only the 
coil channels individually [1].

In addition to using the coils in a tomographic array, even more  
information can be obtained using spectroscopy.  Fig 2 shows the  
 phasor plots of a multi-frequency signal from an inductive sensor monitoring  
  the microstructural change of steel rod on-line during hot transformation.   
         At 136.8 sec (left), the steel is austenitic; whilst a short time later at 139.6 sec  
    (right) the steel has transformed and is ferritic.  There is a clear difference in  
the spectral phasor response which can be analysed to monitor the evolution 
of the steel micro-structure in real time on-line [2].  Figure 3 shows an industrial  
deployment of the technology.

Prof. Anthony Peyton
University of Manchester

Non-invasive inspection - new  
electromagnetic induction  

tomography

1

2

www.leeds.ac.uk/olil/tomography

[1] Yin, W. and Peyton, A. J. (2006) “A planar EMT system for the detection of faults on thin metallic plates.”   
     Measurement Science and Technology. 17, 172130-2135
[2] Peyton, A. J., Yin, W., Dickinson, S. J., Davis, C. L., Strangwood, M., Hao, X., Douglas, A. J. and Morris,  
      P. F. (2010) “Monitoring microstructure changes in rod online by using induction spectroscopy.” Ironmaking  
     and Steelmaking. 37, pp. 135-139.

Figure 2. Phasor plots of  
a multi-frequency  

signal from an inductive  
sensor monitoring  

microstructural change of 
steel rod on-line during hot  

transformation

Eddy current inspection using electromagnetic induction is important in a range 
of technological applications such as coating, surface treatment, crack de-
tection and quality inspection.  This often consists of a single sensor head  
which is manually robotically scanned over the surface of the test piece.  
However, the scanning operation of such an instrument involves frequent  
mechanical movements.  Of course, several sensor heads can be used in  
parallel and current multi-channel eddy current testing systems normally  
arrange sensors in a simple grid and use them independently as in a single sensor 
system.  Often these systems operate at a single frequency and the range of materi-
als is limited to metallic components which have a relatively high electrical conductiv-
ity.

Tomographic inversion techniques can help extract more information to  
improve the inspection process and there are several possibilities, for  
example: -

 Figure 1. A linear six coil array above an aluminium plate showing (left) induced eddy  
currents when the second coil is active, and (right) inductance reconstruction of a defect.

Figure 3. Industrial  
employment of electro  

magnetic induction  
tomography



14 15

Particles in electrolyte media usually carry electrical charges. When externally  
excited, charged particles vibrate and generate a secondary electric field that  
produces the so-called Colloid Vibration Potential (CVP). Hitherto, CVP due to  
different source of excitation has been called, treated and utilised differently and  
separately. For example, when an ultrasound pulse travels through a colloidal  
medium, the ultrasound vibration potential (UVP) can be detected from outside 
the medium, which reports specific features of the colloid along the path of the  
ultrasound. The phase difference and relaxation frequency of the synthetic electric 
field from an electrical excitation and electrical vibration potential (EVP) can also be 
related to specific features of colloids. 

Our vision is to develop new imaging techniques based on UVP, EVP and their  
combination. We call this CVP imaging. It is able to reveal physiochemical features of 
colloids that other conventional structural imaging techniques are unable to ‘see’.

Figure 1: Charged particles and their responses to different sources of excitation: (a) a charged 
particle and the electrical double layer structure; (b) a pulsed ultrasound wave propagation 
and measurements in relation to the pulse’s position in the time domain; (c) a continuous 
electrical wave and measurements in relation to the internal conductivity distribution in the  

frequency domain [1].

(a) (b)

[1] Wang, M. (2009) “Arts of Inner Vision”, Inaugural Lecture, University of Leeds. Availble online from  
     <http://www.engineering.leeds.ac.uk/InauguralLecture.shtml>
[2] Guan, P., Wang, M., Schlaberg, H.I. and Khan, J.I. (2010) “Towards A-Scan Imaging via Ultrasonic  
      Vibration Potential Measurements”, Nuclear Engineering & Design J., in press
[3] Schlaberg, H.I., Wang, M., Guan, P. and Khan, I.J. (2010) “Ultrasound Vibration Potential measurement 
     techniques for imaging”, Nuclear Engineering & Design J., in press
[4] Zhao, Y., Wang, M. and Hammond, R.B. (2010) “Characterisation of Crystallisation Processes with  
     Electrical Impedance Spectroscopy”, Nuclear Engineering & Design J., in press
[5] Zhao, Y., Wang, M. and Hammond, R.B. (2010) “Electrical Impedance Spectroscopy Study on Colloidal  
     Suspensions for Particle Size Determination”, in Proceedings of PITTCON-2010, Orlando, 
[6] Zhao, Y., Wang, M. and Hammond R.B. (2009) “Electrical Impedance Spectroscopy Study on Charged  
     Particles in Crystallisation Processes”, in Proceedings of PITTCON-2009, Chicago, 1300-13P

Figure 2: One-dimensional imaging of a three-layer “sandwich” with a mesh sensor on  the  
bottom surface. Left; An agar layer is positioned in between silica suspension layers  
(8 nm, 5wt%) Right; Signals from the ultrasound pulses travel through the “sandwich”  

(0.21 mV (pk-pk) [2, 3].

Figure 3: (a) Relaxation frequency vs. particle size in 5.0 wt% silica suspensions; (b) Measured 
electrical impedance spectra (imaginary part vs. frequency) for L-glutamic acid solution at 
49.5 °C, 40.5°C, 32.7°C, and 25.5 °C; (c) and (d) Photographs of different crystal shapes. EIT 
has been recognised as a tool for monitoring and controlling crystallization in pharmaceutical 

processes by the measurement of essential process descriptors [4, 5, 6].

(a) (b)

(c) (d)

Prof. Mi Wang
University of Leeds

Physiochemical imaging from colloid 
vibration potential

(c)

www.leeds.ac.uk/olil/tomography



16 17Spectro-tomography: adding a  
material dimension to IPT

Figure 3 Figure 4

Figure 5
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segmented into frequency bands and yield a set of frequency-banded tomograms 
[1][2]. Known or modelled component material spectra can then be extracted for each 
spatial region of interest [3]. 

Data fusion operations (Fig 5) reveal a multi-dimensional view of the  
process in terms of spatial distribution (in 2D/3D), with superimposed  
component identification [4], and dynamic temporal flow (giving 4/5D in total)  
which could be used for process monitoring and control.  Follow-on grant support has 
been provided by UK EPSRC to develop an industrially testable prototype system 
with 4 industrial partners.

[1] Hoyle B S and Nahvi M, (2008) “Spectro-tomography - an electrical sensing method for integrated  
    estimation of component identification and distribution mapping in industrial processes”, IEEE Sensors  
     Conference, Lecce, Italy, pp807-810.
[2] Nahvi M and Hoyle B S, (2008), “Wideband Electrical Impedance Tomography”, J. Measurement Science  
     and Technology, 19, doi: 10.1088/0957-0233/19/9/094011, 9pp.
[3] Nahvi M and Hoyle B S, (2009) “Electrical Impedance Spectroscopy Sensing for Industrial Processes”,  
     IEEE Sensors Journal, 9 (12), pp1808-1816. 
[4] Nahvi M and Hoyle B S, (2009), “Data Fusion for Electrical  Spectro-tomography”, IEEE Imaging Systems  
     and Techniques Conference, Shenzen, China, pp229-234.

Compressed  
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image set (f)

Tomographic data 
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Identification and 
interpretation

Process Control

IPT can help to deliver benefits of increased productivity and quality, and  
reductions in emissions and waste products through the insight it provides of the  
relative spatial distribution of materials in a process.  
This is based upon the sensing of the ‘contrast’ of the process  
material to a physical excitation, such as an electrical current at a fixed frequency.   
Multiple estimates can then provide a time sequence of  these process states.  
Such basic forms of IPT are limited by the sensitivity of the process materials to 
the narrow energy band (frequency in the electrical case). Hence where  materials  
have similar responses they cannot be discriminated (e.g. B and C in Fig. 1)  
using this approach.

In multi-component processes it is important to be able to identify each  
component.  For example the material in a process reactor (Fig 2) used to manufacture  
pharmaceutical compounds is likely to have a distinct electrical spectrum (Fig 3). 
In this project we have used a wideband chirp stimulus (Fig 4) able to  
excite a wide range of responses. This results in process response data that can be

Prof.  Brian Hoyle
University of Leeds

www.leeds.ac.uk/olil/tomography



16 17X-ray micro-tomography - shape and 
orientation of single crystals

[1] Byrn, S., Pfeiffer, R., Ganey, M., Hoiberg, C., Poochikian, G. (1995) Pharma. Res. 12, 7. pp. 945-954
[2] York, P. (1983) Int. J. Pharma. 14, 1-28.
[3] Muster, T. H. and Prestidge, C. A. (2002) J. Pharm. Sci. 91, 6. pp.1432-44
[4] FDA (2004) “Pharmaceutical cGMPs for the 21st Century; A risk based approach.”
[5] Ramachandran, V., Armour, W., Evans, G., Roberts, K. J. et al. (2010) To be published in the 6th World   
     Congress on Process Tomography Proceedings, Beijing, China. September 2010.

Figure 1. Photographs (left) at two different positions (top and bottom) and the  
corresponding X-ray diffraction patterns (right) of the small aspirin crystal (shown in red circle) 
on a large crystal. These photographs were captured during the experiment when the crystal 
was rotated to 180 degrees at 3 degree oscillations. The photograph inset is a close up of the 

bottom position.

There is considerable interest in identifying the particular components of  
crystal faces for powders of pharmaceutical ingredients given that they  
probably play an important role in downstream unit processes.  
Previously, identification of the molecular composition of particular faces was  
restricted to large single crystals, as part of the drug registration process [1],[2]. This  
information is now needed in a more applied sense. Knowing the specific  
molecular nature of a particular face allows the important  
physico-pharmaceutical properties that stem from this to be better  
understood [3]. This includes its wettability, surface adhesive properties; and the likely  
fragmentation and compaction behaviour.  

Recent development in high throughput methodology and  
instrumentation has brought about a significant change in approach within the  
pharmaceutical industry [4]. This presents an opportunity to assess the 
feasibility of simultaneous micro-tomographic shape analysis and X-ray  
diffraction molecular orientation determination on single, micro-crystals.  This 
arises because of the capability available at the new Diamond beamline,  
which can make such measurements down to a 5 μm beam size.  In principle it  
becomes possible to determine molecular orientation at a very small level of  
size – possibly as low as 2 μm.  When coupled with X-ray based  
micro-tomography conducted on identical crystals, the shape and molecular  
orientation can be determined for surfaces of realistically sized small particles [5].  

Prof.  Kevin Roberts
University of Leeds

www.leeds.ac.uk/olil/tomography

This will allow the investigation of a range of pharmaceutical secondary  
processes, such as milling, fluid energy milling (micronisation), and  
granulation.  Furthermore it offers the chance to study mixing and  
agglomeration / deagglomeration at a molecular level. 
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