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WEB SITE VERSION NOTES

This document has been abstracted from Volume 1 of the Operating Manual for the TFL R5000
Electrica Capacitance Tomography (ECT) system. It contains information about the principles and
application of ECT, including information on Capacitance measurement, Image reconstruction and
the Design of practical ECT sensors.

COPYRIGHT
The copyright of this manual is owned by Process Tomography Ltd. You may make copies of this

manua for persona use only. All other reproduction or copying is prohibited unless authorised in
writing by PTL.
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SECTION V1.1 ELECTRICAL CAPACITANCE TOMOGRAPHY

Electrical Capacitance Tomography (ECT) is a technique for measuring the permittivity
distribution of a mixture of 2 dielectric materials inside a closed vessdl, from which the
concentration distribution can be found. It is a research tool which alows measurements to be made
on process plant which were previoudy either difficult or impossible to redlise. This set of manuals
contains a broad spectrum of information about electrical capacitance tomography, as well as specific
operating instructions for the TFLR5000 ECT system, which can be used with capacitance sensors
containing up to 16 electrodes in a single measurement plane or 8 electrodes in two separate
measurement planes.

HOW TO USE THE MANUALS

If you are unfamiliar with Electrical Capacitance Tomography (ECT) technology, we suggest you
read Volume 1 Fundamentals of ECT (this volume) in detail, asit contains an introduction, followed
by fuller comprehensive information about the basic principles and practical applications of ECT.
Thereisaso aFAQ section which give answers to many of the questions which are asked about ECT
technology, and 2 appendices describing the Linear Back Projection image reconstruction
algorithm and the design of multi-electrode ECT sensors.

Once you are familiar with the basics of ECT, read Volume 2, which contains detailed operating
instruction for the TFLR5000 ECT system, based on the use of the ECT32v3 control and analysis
software. It includes a section on first time use and a set of Quickstart instructions. A separate User
Guide to the ECT 32v3 software for use with data files generated by TFLR5000 or PTL 300E ECT
systemsisin the Custom Information volume.

Volume 3 gives information about the TFL R5000 Capacitance Measurement Unit (CMU), including
details of the capacitance measurement principles and circuitry. It aso contains detailed information
about the Sensor Toolkit control software, which is used to configure and control the TFL R5000 unit.

Volume 4 contains information about additiona off-line software which can be used to generate and
analyse data files for TFLR5000 ECT systems. This includes software for generating sensitivity
matricesfor circular ECT capacitance sensors.

Volume 5 contains information about the (optiona purchase) Flowanl software for analysing flow
data using datafiles generated by either the ECT32v3 or Sensor T oolkit programs.

Users should note that there is some repetition both within and between the 5 Volumes, so as to make
them self-contained as far as possible.
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The TFLR5000 OPERATING MANUAL isdivided into 5 volumes asfollows:

VOLUME 1 (FUNDAMENTALS OF ECT) gives information about the theor etical backgound to
ECT

Section V1-2, provides abrief introduction to Electrical Capacitance Tomography.
Section V1-3 gives an overview of the TFLR5000 ECT system, including the principle of
operation of the ECT hardware and explains how the ECT system measures the inter-electrode

capacitances of the ECT sensor.

Section V1-4 explans how ECT permittivity and concentration distribution images are
reconstructed from the capacitance measurements.

Section V1-5 contains answers to some frequently-asked questions (FAQ) about ECT.

Section V1-6 contains 2 appendices, giving details of the L BP image reconstruction algorithm and
the design of capacitance sensorsfor use with ECT systems.

VOLUME 2 (ECT SYSTEM OPERATION USING THE ECT32V3 SOFTWARE)

This volume contains detailed information about the use and operation of the TFLR5000 ECT
system.

Section V2-2 Gives basic information about setting up and first-time use of the TFLR5000 ECT
System.

Section V2-3 gives adetailed overview of the TFLR5000 ECT system.
Section V2-4 containsa set of Quickstart instructions for first-time users.

Section V2-5 contains detailled information about the use of the ECT32v3 software with the
TFLR5000 ECT system.

Section V2-6 contains information about some advanced operational features.

Section V2-7 contains appendices giving details of the Specification of the TFL R5000 unit and the
format of the datafiles.
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VOLUME 3 (CAPACITANCE MEASUREMENT USING THE TFLR5000 UNIT)
Includes Sensor Toolkit, BCPTool and CK T ool software

Section V3-2 givesfull details of the TFL R5000 CMU, including the basic capacitance
measur ement principle.

Section V3-3 describes how lossy capacitances can be measured.
Section V3-4 describes how to use the Sensor Toolkit software for measuring capacitances.

Section V3-5 explains how to use the Sensor Toolkit software to set up measur ement configuration
parameters.

Section V3.6 explains how to use the Sensor Toolkit software to captur e capacitance data files.
Section V3-7 describesthe use of the CK Tool software to generate linearisation coefficient files.
Section V3-8 describes the use of the BCPT ool file conversion software.

Section V 3-9 contains a number of agppendices containing details of the Har dwar e Configuration
files, demonstration sensor and thetrigger circuitry.

VOLUME 4 (SUPPLEMENTARY SOFTWARE)
Includes M akemap, Plot3D, MatECT, 1U2000

Section V4-2 contains information about the use of the M akemap software to generate sengitivity
mapsfor circular ECT sensors.

Section V4-3 contains details of the Plot3D image plotting software.

Section V4-4 contains information about aset of ECT utilitiesfor use with M atlab software.

Section V4-5 Contains details of an image reconstruction program [ U2000 which can be used with
bcpl type data files generated using sensors having 6, 8 or 12 e ectrodes.

VOLUMES5 FLOWAN FLOW MEASUREMENT AND ANALYSIS SOFTWARE
Includes User Guide and Operating Manual

Section V5-2 Isthe Flowan User guide, which gives information about how to use the Flowanl
software to measure and analyse flows using data generated by TFL R5000 ECT systems.

Section V5-3 Isthe Flowan1 software Operating and Refer ence manual.
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TFLR5000 OPERATING MANUAL

VOLUME 1

FUNDAMENTALSOF ELECTRICAL CAPACITANCE TOMOGRAPHY

SECTION V1-2 INTRODUCTION TO ELECTRICAL CAPACITANCE TOMOGRAPHY

In this section, the fundamental principles of Electrical Capacitance Tomography (ECT) are explained
in aconcise format. Further, more detailed information can be found later in this manual.
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1. OVERVIEW OF ELECTRICAL CAPACITANCE TOMOGRAPHY (ECT)

ECT is used to obtain information about the spatial distribution of a mixture of dielectric materials
inside a vessdl, by measuring the electrical capacitances between sets of electrodes placed around its
periphery and converting these measurements into an image showing the distribution of permittivity as
a pixel-based plot or image averaged over a volume whose length is equal to that of the measurement
electrodes. The images are approximate and of relatively low resolution, but they can be generated at
relatively high speeds. Although it is possible to image vessels of any cross section, most of the work
to-date has been carried out on circular vessals.

ECT can be used with any arbitrary mixture of different non-conducting dielectric materials such as
plastics, hydrocarbons, sand or glass. However, an important application of ECT is viewing and
measuring the spatial distribution of a mixture of two different dielectric materials (a two-phase
mixture), as in this case, the concentration distribution of the two components over the cross-
section of the vessal can be obtained from the the per mittivity distribution.

The permittivity image resolution achievable depends on the number of independent capacitance
measurements, but is generally low. However, images can be generated at high frame rates,
typically up to 5000 frames per second (fps). Successful applications of ECT include imaging 2-
phase liquid/gas mixtures in oil pipelines and solids/gas mixtures in fluidised beds and pneumatic
conveying systems. Where the mixture is flowing aong the vessel, measurements of the
concentration distributions at two axia planes permit the velocity profile and the overal flow rate
to be found in some cases.

A typical ECT permittivity image format uses a square grid of 32 x 32 pixels to display the distribution
of the normalised composite permittivity of each pixd. For acircular sensor, 812 of the available 1024
pixels are used to approximate the cross-section of the sensor. The values of each pixel represent the
normalised value of the effective permittivity of that pixd. In the case of a mixture of two dielectric
materials, these permittivity values are related to the fraction of the higher permittivity material present
at that pixd location. Thisfraction is known varioudy as the volume ratio, concentration or voidage.

The overal volume ratio, which defines the ratio of the two materials present, averaged over the
volume of the sensor, can also be obtained. The overall volume ratio of the materials insde the sensor
at any moment in time is defined to be the percentage of the volume of the sensor occupied by the
higher permittivity material. The volume of the sensor is the product of the cross-sectiond area of the
sensor and the length of the sensor measurement e ectrodes.

In al of the following we shal be referring to the relative permittivity (or dielectric constant) of
materials. The relative permittivity of a material is its absolute permittivity divided by the permittivity
of free space (or air). Hence the relative permittivity of air is 1 and typical values for other materialsin
solid or liquid format are polystyrene (2.5), glass (6.0) and minerd ail (2-3).

In this manud, we have used three different terms to describe the same concept, as they are dl in
common use. These are volume ratio, voidage and concentration, which we define to be the fraction of
the higher permittivity material present in the mixture. These terms are inter-changeable in the
following text. A typical application of ECT is for the real-time monitoring of the motion of fluids,
including multi-phase flows, in process engineering plants. In general ECT can be used to monitor any
process where the fluid to be observed has low dectrica conductivity and a varying permittivity.
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2. ECT MEASUREMENT SYSTEM COMPONENTSAND CONFIGURATION

2.1 SYSTEM COMPONENTS

Figure2.1.1 TFLR5000 ECT system and demonstration sensor

An ECT system consists of a capacitance sensor, Capacitance Measurement Unit (CMU) and a
control computer. For imaging a single vessel type with a fixed cross-section and with a fixed
electrode configuration, the measurement circuitry can be integrated into the sensor and the
measurement circuits can be connected directly to the sensor electrodes. This ssimplifies the
measurement of inter-electrode capacitances and is potentialy a good design solution for
standardised industria sensors.

However, most current applications for ECT are in the research sector, where it is preferable to have
astandard capacitance measuring unit which can be used with awide range of sensors. In this case,
screened cables connect the sensor to the measurement circuitry, which must be able to measure
very small inter-electrode capacitances, of the order of 10°*° F (1 fF), in the presence of much larger
capacitances to earth of the order of 200,000 fF (mainly due to the screened cables). A diagram of a
basic ECT system of thistypeis shown in figure 2.1.2.

POWER TRIGGER POWER

ETHERNET

h o ix

CAPACITANCE
MEASUREMENT CONTROL PC
UNIT

TFLR5000

UP TO ¢ X 8
RG174 COAXIAL
CABLES

CAPACITANCE SENSOR

Figure2.1.2 Basic TFLR5000 ECT System
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2.2CAPACITANCE MEASUREMENT PRINCIPLE

ALTERNATING SOURCE
VOLTAGE

il

ov

VS

DIELECTRIC
FLUID

ov ov

S SOURCE ELECTRODE D DETECTOR ELECTRODES
A CURRENT MEASUREMENT TO GROUND

Figure2.2.1 Capacitance measurement principle.

The basic capacitance measurement principle used in ECT is shown in figure 2.2.1. An aternating
voltage (Vs) is applied betwen one e ectrode (the sour ce electrode ) and ground and the resulting
currents A which flow between the source electrode and the remaining (detector) electrodes to
ground are measured. These currents are directly proportional to the capacitances between the
sour ce and detector electrodes. The set of capacitance measurements made when one electrode is
excited as asourceis known asa"projection”.

In ECT a complete set of measurement projections is made by exciting each electrode in turn as a
source electode and measuring the currents which flow into the remaining detector e ectrodes. So
for an 8-electrode sensor, there will be 8 x 7 = 56 possible capacitance measurements. However, as
half of these will be reciprocal mesurements (the same capacitance should be measured by exciting
electrode 1 as a source and measuring the current into electrode 2 as is obtained by exciting
electrode 2 as a source and measuring the current into electrode 1 etc.), there will only be 28 unique
capacitance measurements for a complete set of projections. In general for a sensor with E
electrodes, there will be E.(E-1)/2 unique capacitance measurements, which make up one frame of
capacitance measurement data (see chapter 2.5 for more details).

The current measurement circuits A in figure 2.2.1 are chosen to have a very low internal
impedance, which ensures that all of the detector electrodes are held close to ground potentia at all
times. As the source electrode is also held at a fixed potential at all times, this capacitance
measurement circuit has the important property of stray immunity, that is, it does not respond to
any capacitances between individual electrodes and ground. This is important, because the
capacitances between electrodes and ground will normally be much larger than the inter-electrode
capacitances and may vary due to flexing of connecting leads etc.

In PTL ECT systems, the alternating source voltage is a nhominal 15V p-p square wave at an
excitation frequency in the range 1 to 10 MHz. The TFLR5000 CM U can capture frames of data at
speeds up to 5000 frames per second with very low noise levels.

The measurement system described is the simplest possible measurement "protocol”. Other
measurement protocols are also possible, for example by exciting 2 or more source electrodes
simultaneously, as described in chapter 2.5.
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2.3 CAPACITANCE ELECTRODE LOCATION

If the vessel wall is non-conducting, capacitance electrodes can be located inside, within or outside
the wall as shown in figure 2.3.1. However, if the tube wall is a conductor, internal el ectrodes must
be used. The convention we use to identify electrodes is to number them anticlockwise, starting at
the electrode at or just before 3 0’ clock.

Figure2.3.1 Circular sensor electrode configurations

24NUMBER OF ELECTRODES

The number of sensor electrodes that can be used depends on the range of values of inter-electrode
capacitances and the upper and lower measurement limits of the capacitance measurement circuit.
The capacitance values when the sensor contains air are referred to as “standing capacitances’ and
their relative values are shown in figure 2.4.1 for a 12-electrode circular sensor with internal
electrodes.

Figure2.4.1 Inter-electrode capacitances

Sequential electrode-pairs are referred to as adjacent electrodes, and have the largest standing
capacitances, while diagonally-opposing electrode-pairs (opposite electrodes) have the smallest
capacitances. Because of the wide range of these capacitances, they are usually normalised to lie
within a standard range of values, as described in paragraph 3.4. As the number of electrodes
increases, the electrode surface area per unit axia length decreases and the inter-electrode
capacitances aso decrease. When the smallest of these capacitances (for opposite electrodes),
reaches the lowest value that can be measured reliably by the capacitance circuitry, the number of
electrodes, and hence the image resolution, can only be increased further by increasing the axial
lengths of the electrodes. However, these lengths cannot be increased indefinitely because the
standing capacitances between pairs of adjacent electrodes will also increase and the measurement
circuitry will saturate or overload once the highest capacitance measurement threshold is exceeded.
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2.5. CAPACITANCE MEASUREMENT PROTOCOLS

Many different ECT measurement protocols are possible (Reinecke, 1994), as capacitances can be
measured between many combinations of groups of electrodes (which effectively become new
“virtual electrodes’). Most work to-date with circular vessels has used the simplest arrangement
(which we refer to as protocol 1) where capacitances are measured between single pairs of
electrodes. The measurement sequence for protocol 1 isshown infigure 2.2.1 and involves applying
an aternating voltage from a low-impedance supply to one (source) electrode. The remaining
(detector) electrodes are al held at zero (virtual ground) potential and the currents which flow into
these detector electrodes (and which are proportional to the inter-electrode capacitances) are
measured. A second electrode is then selected as the source electrode and the sequence is repeated
until all possible electrode pair capacitances have been measured. This generates M independent
inter-electrode capacitance measurements, where:

M = E.(E- 1)/2 (2.5.1)

and E isthe number of electrodes located around the circumference. For example for E =12, M =
66.

Other possible protocols involve grouping electrodes and exciting them in pairs (protocol 2) and
triplets (protocol 3) etc. The formula for the number of independent measurements for grouped
electrodesis:

M = (E).(E - (2P- 1))/ 2 (2.5.2)

where P (the protocol number) is the number of electrodes which are grouped together. The advantage
of using these more complex protocols is that they can generate a larger number of independent
measurements for a given electrode size and capacitance measurement senditivity than the smple
single-pair protocol 1. Improved image resolution is therefore achievable, dthough at the expense of
the maximum image frame rate, which falls as the protocol number or number of electrodes increases.
The TFLR5000 can implement arange of measurement protocols.

2.6. CAPACITANCE SENSOR ELECTRODE DESIGN

ECT can be used with vessels of any cross-section, but most work to-date has used circular
geometries. For a sensor with internal electrodes, the components of capacitance due to the electric
field inside the sensor will always increase in proportion to the material permittivity when a higher
permittivity material is introduced inside the sensor. However for sensors with externa electrodes,
the permittivity of the wall causes non-linear changes in capacitance, which may increase or
decrease depending on the wall thickness and the permittivities of the sensor wall and contents. In
general, ECT sensors with external electrodes are easier to design and fabricate than internal
electrode sensors and they are also non-invasive.

Axial resolution and overall measurement sensitivity can be improved by the use of driven axial
guard electrodes, located either side of the measurement electrodes, as shown in the flexible
laminate design of figure 2.6.1.

V1-2-15



Figure2.6.1 Partial PCB layout for an 8-electrode single-plane sensor

The driven axial guard electrodes are excited at the same electrical potentials as the associated
measurement electrode and prevent the electric field from being diverted to earth at the ends of the
measurement electrodes. For large diameter vessels, axial guard electrodes are normally an essential
requirement to ensure that the capacitances between opposing electrodes are measurable.

With the current state of capacitance measurement technology, it is possible to measure capacitance
changes between 2 unearthed electrodes of the order of 0.01 fF in the presence of stray capacitance
to earth of 200pF at a rate of 40,000 measurements per second. A practica rule for reliable ECT
sensors is to design for a minimum capacitance between any pair of electrodes of 5fF, which
equates to measurement electrodes of minimum axial length 3.5cm for an 8 electrode sensor, or 5
cm for a 12 electrode sensor. These dimensions assume that effective driven axial guards are used.
For this condition to be met, the sum of the lengths of the axial guard and the measurement
electrodes must equal or exceed the sensor diameter.

2.7. CAPACITANCE SENSOR FABRICATION

The required electrode pattern can be designed using CAD software and the electrodes fabricated
using photolithographic techniques from a flexible copper-coated laminate, which is then wrapped
around the outside of an insulating tube to form the sensor. Part of a design for an 8-electrode single
plane sensor with driven axia guards is illustrated in figure 2.6.1, which shows earthed screening
tracks between the sets of electrodes (to reduce the adjacent electrode capacitances) together with
earthed areas at the ends of the sensor (to allow the cable screens to be terminated). Coaxia leads
(with amaximum length of 1.5m to minimise capacitance to ground) are connected to the el ectrodes
and an earthed screen is located around the sensor to exclude any external signals. Discharge
resistors (typically 1 MOhm) must be connected between each electrode and the cable screen to
ensure that no static charge can build up on the el ectrodes and connecting leads, otherwise damage
may occur when the sensor is connected to the capacitance measurement circuit. These basic
techniques can be used to construct static or sliding sensors with interna or external electrodes.
More complex fabrication techniques are needed for sensors for operation at elevated temperatures
and pressures.
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3. CONVERTING MEASURED CAPACITANCES INTO PERMITTIVITY AND
CONCENTRATION DISTRIBUTIONS

3.1ECT SYSTEM OPERATION

ECT systems can be operated in many different ways, but in this introductory chapter, we will describe
the smplest method, which involves using the simplest capacitance measurement protocol together
with a smple and approximate image reconstruction algorithm, known as Linear Back-Projection
(LBP). The sequence of actions required to measure the permittivity distribution of a mixture of 2
didectric fluidsinside an ECT sensor using the LBP agorithm isasfollows:

1. The properties of the capacitance sensor are measured or calculated initialy to produce a sensor
sengitivity matrix for the case when the sensor is empty. This matrix is a composed of a set of sub-
matrices (or maps) whose elements correspond to the individua pixelsin arectangular grid which
is used to define the sensor cross-section.

2. The sensor is normally cdibrated at each end of the range of permittivities to be measured by
filling the sensor with the lower permittivity material initially and measuring al of the individua
inter-el ectrode capacitances. This operation is then repeated using the higher permittivity material.
The data obtained during the calibration procedure is used to set up the measurement parameters
for each measuring channel and is stored in a caibration datafile.

3. Oncethe system has been calibrated, the capacitances between all unique pairs of sensor electrodes
are measured continuoudly at high speed, giving E(E-1)/2 unique values per measurement or image
frame, where E is the number of sensor electrodes.

4. The measured capacitance values are normalised to the values measured during the calibration
process.

5. Animage reconstruction algorithm, together with an appropriate sensor permittivity-concentration
model is used to compute the cross sectiona distribution of the permittivity of the materia inside
the pipe. Images can be constructed from the capacitance measurements either at the time of
measurement (on-line) or from stored or captured data (off-line). The agorithm supplied as
standard in the TFL R5000 system is the so-called linear back-projection (LBP) algorithm. This
is afast but approximate algorithm which uses the capacitance measurements, together with the
sengtivity matrix to produce the permittivity image. Other aternative algorithms can be used
with the stored data to produce more accurate images.

The various stages in this measurement process are described in more detail in the following sections.

V1-2-17



32THE SENSITIVITY MATRIX

The sengitivity matrix describes how the measured capacitance between any combination of electrodes
changes when a change is made to the dielectric constant of a single pixel inside the sensor. This can
be better understood by considering the case where one electrode is connected to a positive potentia V
and all of the other electrodes are connected to earth.

Figure 3.2.1 Equipotential linesinsde ECT sensor

The €eectric field digtribution for this sSituation is shown in figure 3.2.1 (the figure shows the
equipotentia lines) and is relatively uneven, the field being strongest near to the excited electrode and
weakening with increasing distance from this electrode. The corresponding electric field lines are
shown in the figure below.

Figure3.2.2 Electricfield distribution insde ECT sensor
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The effect of this uneven field distribution is that the change in capacitance measured between any two
electrodes caused by an object with a given permittivity will vary depending on the location of the
object. When used with a circular cross section sensor, the ECT system is most sensitive when an
object is placed near the walls of the vessdl and is least sensitive at the centre of the vessdl. Allowance
is made for this effect from knowledge of the variation of sensitivity with position for each pixel. This
information is stored in the sensitivity map file. When the ECT system constructs images, it reads the
sensitivity map and compensates the image pixels accordingly.

The sengitivity matrix must be calculated (or measured) for each individua sensor as a separate
exercise prior to using the sensor with an ECT system. One method for caculating the sengtivity
coefficient Sof apixel for an eectrode-pair (i-j) is based on the use of equation 6.

S= AEi . Ej . dA (3.2.1)

where E; is the eectric field insde the sensor when one electrode of the pair i is excited as a source
electrode, Ejisthe eectric field when electrode ] is excited as a source electrode and the dot product of
the two electric field vectors E; and E; is integrated over the area A of the pixel. The set of sensitivity
coefficients for each electrode-pair is known as the sensitivity map for that pair.

For circular sensors with either internal or externa eectrodes, it is possible to derive an analytica
expression for the electric fields where the sensor is either empty or filled with a materia having
uniform permittivity. In this case, the sensitivity coefficients (and aso the electrode capacitances) can
be calculated accuratdly by anaytica means. For more complex geometries, numerical methods can be
used to caculate the sengtivity coefficients. It is normally only necessary to calculate a few primary
sengitivity maps for the unique geometrica electrode pairings, as dl of the other maps can be derived
from these by reflection or rotation. A set of primary maps for an 8-electrode sensor operating under
protocol 1isshowninfigure 3.2.3.

Figure 3.2.3 Primary Sensitivity Mapsfor an 8-electr ode sensor

The maps show the relative pixel sensitivities on a compressed colour scale, where blue represents
negative sensitivity, green represents zero sensitivity and red represents positive sensitivity regions.
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3.3 ECT SYSTEM CALIBRATION

In the normal method of operation, an ECT system is caibrated by filling the sensor with the two
reference materials in turn and by measuring the resultant inter-electrode capacitance values at these
two extreme vaues of relative permittivity. This situation is shown diagramatically in figure 3.3.1
which illustrates how the measured inter-el ectrode capacitances change between the higher and lower
values of permittivity used for caibration, for two materials of relative permittivity K. and Ky, For
simplicity, it has been assumed that the variationislinear.

CH

CAPACITANCE

CL

KL KH

RELATIVE PERMITTIVITY

Figure3.3.1 Principleof ECT System Calibration

This method of cdibration defines the two nominal end points of the measurement range for most
types of ECT measurement.

All subsequent capacitance values Cy are then normalised to have values Cy between zero (when the
sensor is filled with the lower permittivity material) and 1 (when filled with the higher permittivity
material) as described in the next paragraph.

3.4 CAPACITANCE MEASUREMENT AND NORMALISATION

Once the ECT system has been calibrated, the ECT system is ready to capture image data. When data
capture is initiated, the capacitances between al unique pairs of sensor electrodes are measured
continuoudly at high speed. These capacitance values are stored, initially in binary format in the control
PC memory and are then available to construct an image of the permittivity distribution inside the
Sensor.

In PTL ECT systems, use is made of normalised parameters to represent the inter-el ectrode capacitance
measurements and also the displayed values of pixel permittivity. This is carried out using the
reference datain the calibration file which is generated during the calibration process.

Thisprocessiscarried out asfollows:
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The inter-electrode capacitances measured at the lower permittivity calibration point (C,) are assigned
values of 0 while the inter-electrode capacitances measured at the higher permittivity calibration point
(Cy) areassigned values of 1. Thisrelationship is shown in graphica format in figure 3.4.1.

Cn

NORMALISED CAPACITANCE Cn

0 f
CL C CH

ABSOLUTE CAPACITANCE C

Figure 3.4.1 Capacitance nor malisation

and is defined by the equation:
Cn = (C - CL) / (CH - CL) (3.4.1)

where Cn is the set of normdised inter-electrode capacitances and C are the set of absolute
capacitances measured with the sensor containing a materia of arbitrary permittivity, Cy are the set of
capacitances measured at the higher permittivity calibration point and C, are the set of capacitances
measured at the lower permittivity calibration point.

3.5NORMALISATION OF PIXEL PERMITTIVITY VALUES

The pixel vaues in the permittivity image are ssimilarly normalised, so that they have the value O for
the lower permittivity material and 1 when the sensor is filled with the higher permittivity materia
using equation 3.5.1.

Kn:(K -KL)/(KH-KL) (351)

where K, is the set of normalised permittivities (pixel values) when the sensor is filled with amaterial
of permittivity K, Ky is the effective permittivity of the material used to caibrate the sensor at the
higher permittivity calibration point and K| is the permittivity of the material used to cdibrate the

sensor at thelower permittivity calibration point.

The relationship between absolute and normalised permittivitiesis shown in figure 3.5.1.
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Figure 3.5.1 Normalisation of permittivity values

3.6 CAPACITANCE/PERMITTIVITY/CONCENTRATION MODELS

The relationship between the permittivity distribution and the capacitance measured between a pair of
electrodes must be consdered carefully if accurate permittivity/concentration images are to be
obtained. If the two dielectric materials exist as discrete stratified permittivity paths between the two
electrodes, then two component capacitances, each due to one of the didectric materias, and
effectively connected in pardléel, will exist between the electrodes. The sum of these capacitances will
therefore accurately reflect the relative proportions of the 2 materials present.

However, if the materials exist as aternating bands or layers of permittivity between the el ectrodes, the
capacitances measured between the electrodes will be constituted from component capacitances which
are effectively connected in series. In this case, the reciprocal rule must be used to obtain the
component permittivities and concentration from the measured capacitances. If there is a combination
of these two basic material distributions, more complex relationships, such as the method described by
Maxwell, must be used to define the permittivity/ concentration/ capacitance relationships. It is
therefore very important to use the correct permittivity model (parallel/seriessMaxwell etc) if accurate
concentration values are to be obtained from the permittivity image. Further information on
capacitance/ permittivity models (including Maxwell® method) is given in chapter 12 of this manual
and also in the paper by Yang and Byars (see referencesin para 3.11).
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3.7 LIMITSON IMAGE RESOLUTION

The resolution of an ECT permittivity image is limited by the number of independent inter-electrode
capacitance measurements that can be made and this relationship can be considered to be an example
of spatial filtering, as shownin figure 3.7.1.

Figure 3.7.1 Resolution limitsimposed by spatial filter.

The resolution limit is difficult to define mathematically, but a smple engineering estimate can be
made by assuming that the number of independent measurements M corresponds to a similar number
of discrete regions inside the sensor. If we assume that the angular resolution is equal to the number of
electrodes E, then the radid resolution will equal M/E. For protocol 1 and a 12 electrode sensor, this
givesaradia resolution limit of 5.5. For protocol 2 and 24 eectrodes, thisfigure increasesto 10.5.

It is not possible to obtain a unique solution for each image pixel when the number of pixelsin the
image exceeds the number of capacitance measurements. Furthermore, image distortion can occur
because ECT is an inherently soft-field imaging method (the dectric field is distorted by the materia
distribution inside the sensor). However, in many cases, the contrast between the permittivities of the
materials insde the sensor is smdll, resulting in only limited image distortion. This alows approximate
linear algorithmsto be used to relate the capacitance measurements to the pixel vauesin the image and
vice-versa. The method which has been used with greatest success to-date is known as Linear Back
Projection (LBP).
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3.8 IMAGE RECONSTRUCTION USING THE LBP ALGORITHM

The LBP agorithm is based on the solution of a set of forward and reverse (or inverse) linear
transforms.

The forward transform is a matrix equation which relates the set of inter-electrode capacitance
measurements C to the set of pixd permittivity values K. This transform assumes that the measured
inter-electrode capacitances resulting from any arbitrary permittivity distribution K inside the sensor
will be identical to those obtained by summing the component capacitance increases which occur when
each pixel hasits defined permittivity, with all other pixels vaues set to zero.

This forward transform is defined in equation 3.8.1, where bold characters represent matrices :
C=SK (3.8.2)

Cisan (M x 1) dimensioned matrix containing the set of M inter-electrode pair capacitances (where
M istypically 66 for a 12-electrode sensor or 28 for an 8-electrode sensor for protocol 1).

K isan (N x 1) dimensioned matrix (where N is 1024 for a 32 x 32 grid) containing the set of N pixe
permittivity values which describe the permittivity distribution inside the sensor (the permittivity

image).

Sisthe forward transform, usually known as the sensor Sengitivity Matrix. S has dimensions (M x N)
and consists of M sets (or maps) of N (typicaly 1024) coefficients, (1 map for for each of the M
capacitance-pairs), where the coefficients represent the relative change in capacitance of each
capacitance pair when an identical change is made to the permittivity of each of the N (1024) pixelsin
turn.

In principle, once the set of inter-electrode capacitances C have been measured, the permittivity
distribution K can be obtained from these measurements using an inverse transform Q asfollows.

K=0Q.C (3.8.2)

Q is a matrix with dimensions (N x M) and, in principle, is smply the inverse of the matrix S.
However, it is only possible to find the true inverse of a square matrix (where M = N). In physical
terms, this is confirmation that it is not possible to obtain the individua vaues of a large number of
pixels (eg 1024) from a smaller number of capacitance measurements (eg 66). As an exact inverse
matrix does not exist, an approximate matrix must be used. The LBP algorithm uses the transpose of
the sengitivity matrix, S which has the dimensions (N x M) and this is justified by the following
reasoning:

Although we have no means of knowing which pixels have contributed to the capacitance measured
between any specific electrode-pair, we know from the sengtivity matrix S that certain pixels have
more effect than others on this capacitance. Consequently, we allocate component values to each pixe
proportiona to the product of the electrode-pair capacitance and the pixel sengitivity coefficient for this
electrode-pair. This process is repeated for each electrode-pair capacitance in turn and the component
values obtained for each pixel are summed for the complete range of el ectrode-pairs.

This smple agorithm produces approximate, but very blurred permittivity images, and atypical image
isshown in figure 3.9.2. The LBP agorithm acts as a spatial filter with alower cut-off frequency than
that of the fundamental filter (as shown in figure 3.7.1) and produces sub-optimal images from a given
set of input data. Some methods for improving the accuracy of ECT images are described in later
sections of this manual.
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3.9FORMAT OF PERMITTIVITY IMAGES

The permittivity distribution of a mixture of two fluids is often displayed as a series of normalised
pixels located on either a (32 x 32) or (64 x 64) square pixd grid. If the sensor cross-section is circular,
this circular contour must be projected onto the square grid containing typicaly 1024 pixels. Some of
the pixels will lie outside the vessel circumference and the image is therefore formed from those pixels
that lie inside the vessal. A typica arrangement which is commonly used is shown in figure 3.9.1,
where the circular image is constructed using 812 of the available 1024 pixels.

Figure3.9.1 32 x 32 square pixd grid Figure3.9.2
ECT imagefor contentsof acircular
sensor. Note that the colour scale
progresses from zero (blue) through
greento (1) red.

The permittivity distribution (image) is plotted using an appropriate colour scale to indicate the
normalised pixel permittivity. A simple example is a graduated blue/green/red colour scale, where
pixel values corresponding to the lower permittivity material used for calibration have the value zero
and are shown in blue, while pixels corresponding to the higher permittivity material have the vaue 1
and are shown in red. A typica 32 x 32 ECT image, obtained using the methods described in
paragraph 3.8, isshownin figure 3.9.2.

The normalised permittivity distribution corresponds to the fractional concentration distribution of the
higher permittivity material.
3.10 SUMMARY

This completes the brief overview of basic ECT technology. Further and more detailed information
is given in subsequent sections of this manual.
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SECTION V1-3

This section containsmore detailed information about Electrical Capacitance Tomography (ECT),
some of which is specificto the TFLR5000 ECT system.

Chapter 4 gives abrief overview of the ECT system.
Chapter 5 discusses capacitance sensors.
Chapter 6 describes the capacitance measurement unit.

Chapter 7 discusses system calibration and normalisation
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4. TFLR5000 ECT SYSTEM OVERVIEW
4.1 THE TFLRS5000 ECT SYSTEM

The TFLR5000 is a second-generation ECT system controlled by Windows-based software running
on an Intel-compatible PC. It can be used to monitor any process where the fluid to be observed has
low eectrical conductivity and a varying permittivity. A typica application is the real-time
monitoring of the motion of fluids, including multi-phase flows in process engineering plant.
Specific applications where ECT has been successfully used to-date include the monitoring of powder
conveying, flames, combustion and explosions, mineral processing, fluidised beds, wood rot, hydrate
formation and catalyst structures, checking product uniformity and 2-phase flow measurement.

Figure4.1.1 TFLR5000 ECT system with demonstration sensor
4.1 SYSTEM OPTIONS

A standard TFLR5000 ECT systems consist of a Capacitance Measurement Unit (CMU), a
demonstration 16 eectrode unguarded single-plane ECT sensor and a personal computer
equipped with custom communications and control software. A photograph of a complete
TFLR5000 ECT system isshown in figure 4.1.1 and a detailed specification is given in Appendix 1
of Volume 2 of this Operating Manual.

The TFLR5000 ECT system can be used with capacitance sensors containing either one or two planes
of between 2 and 16 measurement and driven guard eectrodes. It can also be used to measure the
velocity profile of the sensor contents under suitable flow conditions, by correlating the permittivity
data between the two image planes of a suitable twin-plane capacitance sensor.
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4.2 MEASUREMENT CAPABILITIES

TFLR5000 ECT systems are intended primarily for use with mixtures of two materials having
different dielectric constants (permittivities). These are known as two-phase mixtures. For
mixtures of this type, TFLR5000 ECT systems can measure the relative proportions of the two
materials insgde the ECT sensor (voidage) at any given time, as well as displaying their distribution
over the sensor cross-section at each measurement plane.

TFLR5000 ECT systems can be used with twin-plane ECT sensor s containing either one or two sets
of between 2 and 8 measurement eectrodes and up to 2 sets of driven guard eectrodes and capture
capacitance data in accordance with measurement protocol 1. They can adso be used with single
plane ECT sensors having up to 16 measurement and driven guard el ectrodes.

The TFLR5000 ECT system can be used to view the contents of closed pipes or vessels at either one
or two separate axia locations smultaneoudly. If the vessd walls are non-metallic external sensor
electrodes can be used. If the vessel walls are metallic, the sensor electr odes must be placed inside the
vessdl walls. The materials to be imaged must be essentially non-conducting dielectric materials
such as ails, plastics, powder s or other similar materials.

Measured inter-electrode capacitances can also be stored in a data file on a continuous basis at
Speeds up to 5000 frames per second, depending on the number of electrodes on the sensor.
Per mittivity images are displayed over a cross section made up from a selected number of pixels
contained (typically) ina 32 X 32 square grid. The colour of each individua pixel represents the
aver age value of the normalised per mittivity (in arange from 0 to 1) of the material in the cell.

The ECT system must be calibrated before it can be used. This involves filling the ECT sensor with
two different materials having permittivities a the lower and higher ends of the per mittivity range
to be measured.

The equipment can be used in anumber of different modes:

- In Capture mode, live images of materials can be displayed and captured at data r ates selected by
the user, while the inter-electrode capacitance measurements are streamed to a continuous
buffer file which can then be saved to a data file following the cessation of data capture. This
allows permittivity images to be reconstructed and replayed at alater date using other aternative
software.

In Playback mode, images can be replayed at the same or different rates, again selected by the
user. Facilities are also provided for single-stepping through recorded images.

In Record mode, capacitance datais streamed directly to a series of user-defined datafiles.

The normalised permittivity of individua pixelsin the ECT image can be displayed either On-line
during data capture or when the data is replayed. The values of the normalised inter-electrode
capacitances can aso be displayed in both Data Capture and Playback modes. The instantaneous
volume fraction (or concentration) of the materias inside the sensor is displayed continuoudy on the
image screen and a pixel probe alows the value of individua permittivity pixelsto be displayed.

Alternative sets of sengtivity maps for different dielectric materials and/or sensors can be used and
diagnostic softwar e is provided which alows the measurement of absolute vaues of inter-electrode
capacitances for sensor design and testing purposes.

Finally, the recorded capacitance data can be used for the independent calculation of volumeratio
or for the calculation or display of images using other image reconstruction software.
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4.3 PRINCIPLE OF OPERATION

The TFLR5000 ECT system produces one or more cross-sectional images of the permittivity
profile of the contents of a pipe or vessd from measurements of capacitance between
combinations of sensor electrodes which surround the vessd. The images are approximate and of
relatively low resolution. Sensors of any cross-section can be imaged provided that a suitable
sengitivity map for the sensor can be calculated.

Images are produced in the following way:

1. The properties of the sensor are measured or calculated initially to produce a sensitivity map of the
sensor. Thisisaset of numerical matrices whose elements correspond to the individua pixelsina
rectangular grid whichis used to define the sensor cross-section.

2. The sensor is normaly calibrated at each end of the range of permittivities to be measured by
filling the sensor with the lower permittivity material initially and measuring al of the individual
inter-electrode capacitances. This operation is then repeated using the higher permittivity
material. The data obtained during the calibration procedure is used to set up the measurement
parameters for each measuring channel and is stored in acalibration datafile.

3. Once the system has been calibrated, the capacitances between all unique pairs of sensor
electrodes are measured continuously a high speed, giving E.(E-1)/2 unique vaues per
measurement or image frame, where E isthe number of sensor electrodes.

4. An image reconstruction algorithm is used to compute the cross sectional distribution of the
permittivity of the material insde the pipe. Images can be constructed from the capacitance
measurements ether at the time of measurement (on-line) or from stored or captured data (off-line).
The agorithm supplied as standard in the TFLR5000 ECT system is the so-called linear back-
projection (LBP) agorithm. Thisis afast but approximate agorithm which uses the capacitance
measur ements, together with the senstivity map to produce the image. Other adternative
algorithms can be used with the stored data to produce more accurate images.

4.4 ECT PERMITTIVITY IMAGE FORMATS

ECT systems can be used to obtain images of the distribution of permittivity insde ECT sensors for
any arbitrary mixture of different dielectric materials. However, an important application of ECT
is viewing and measuring the spatial distribution of amixture of two different dielectric materials (a
two-phase mixture). For atwo-phase mixture, ECT can be used to measure the spatial distribution
of the composite permittivity of the two materids insde the sensor. From this permittivity
distribution, it is possible to obtain the distribution of the relative concentration (volumeratio) of the
two components over the cross-section of the vessdl.

A typica ECT permittivity image format uses a square grid of 32 x 32 pixes to display the

distribution of the normalised composite per mittivity of each pixel. For acircular sensor, 812 pixels
are used to approximate the cross-section of the sensor, asshownin figure 4.4.1.
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Figure4.4.1. ECT Image Pixel format

The values of each pixe represent the normalised value of the effective permittivity of that pixe.
In the case of a mixture of two dielectric materials, these per mittivity values are related to the
fraction of the higher permittivity materia present (the volume ratio (or voidage)) at that pixel
location.

The overall volume ratio, which defines the ratio of the two materials present, averaged over the
volume of the sensor, can aso be obtained. The overall volume ratio of the materials inside the
sensor at any moment in time is defined to be the per centage of the volume of the sensor occupied
by the higher permittivity material. The volume of the sensor is the product of the cross-sectional
area of the sensor and the length of the sensor measurement el ectrodes.

In all of the following we shall be referring to the relative permittivity (or dielectric constant) of
materials. The relative permittivity of a materid is its absolute permittivity divided by the
per mittivity of free space (or air). Hence the relative permittivity of air is 1 and typica values for
other materialsin solid or liquid format are polystyrene (2.5), glass (6.0) and minera oil (2-3).

In this manua, we have used three different terms to describe the same concept, as they are dl in
common use. These are volume ratio, voidage and concentration, which we define to be the fraction
of the higher permittivity material present in the mixture. These terms are inter-changeable in the
following test.
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45 SOMETYPICAL PERMITTIVITY IMAGES

Figure 4.5.1 shows a sequence of images obtained from a number of applications, including the
imaging of gas bubblesin ail, a fluidised bed experiment and a sensor imaging a flame. In al of the
examples shown, the images are based on a normalised permittivity scale which progresses from zero
(blue) through green, to amaximum value of 1 (red).

The first example shows a 15cm diameter clear plastic pipe containing a mixture of oil and gas. An
external 12 electrode capacitance sensor is shown attached to the pipe. The ECT image shows a gas
bubble passing through the sensor. The blue area of the image represents the gas bubble and the red
area of the image representsthe oil.

The second example shows a sequence of ECT images obtained using a fluidised bed consisting of a
vertical pipe containing an epoxy powder. Air is blown vertically from the bottom of the bed, through a
filter and the powder is fluidised by the air flow. An 8 electrode capacitance sensor with 2.5 cm long
sensor el ectrodes was used to obtain the images. The image sequence shows the unfluidised initia state
(red image) (A), partia fluidisation (green image) (B), excess fluidisation alowing the formation of an
air hole (blue ared) in the bed (C) and final state following the removal of the air supply (D).

The final example shows a 6 electrode capacitance sensor constructed inside an aluminium cylinder of

internal diameter 10cm. The ECT image was obtained using a butane flame positioned approximately
in the centre of the sensor.
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Figure4.5.1 Examplesof ECT imagesfrom sometypical applications
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4.6 EFFECTSOF EXCESSIVE MATERIAL CONDUCTIVITY

ECT systems are intended for use with "perfect” (or nearly perfect) dielectric (insulating) materials. If
imperfect dielectric materials (ie those having finite electrical conductivity or loss) are used insde an
ECT sensor, it becomes difficult to obtain any accurate information, particularly from sensors with
external eectrodes, for the reasons given later in this section.

For amost perfect insulating materias, a range of measurement modes can be used to identify the
dielectric and lossy properties of the materials inside the sensor, as described in chapter 6.6. The basic
measurement modes are Capacitance, Conductance and | mpedance. However, once the conductive
properties of the materid become significant, it becomes very difficult to make accurate ECT
measurements. In the following few paragraphs, we will consider the case of an ECT sensor
constructed with internal electrodes, which are in contact with an imperfect dielectric fluid, which
will be assumed to have finite conductivity.

In these circumstances, problems will occur when the conductive component of the impedance
between pairs of electrodes becomes comparable with the capacitive component of impedance. This
situation will occur first between the pairs of opposite eectrodes in the ECT sensor (where the
capacitance is lowest). For a typica ECT sensor, the capacitance between opposite dectrodes at the
lower permittivity calibration point is around 10 fF, which corresponds to a capacitive impedance of
(1/2*PI*F*C) = 12.7 Mohm at 1.25 Mhz.

If the conductive impedance between the pair of opposite eectrodes is comparable with, or less than
this figure, when the ECT system is used in IMPEDANCE mode, the ECT system will respond to the
conductive component as well as the capacitive component of impedance. As the conductivity of the
material insde the sensor increases, the conductive impedance between the electrodes will fal and will
become much lower than the capacitive component of impedance. In these circumstances, the ECT
system will start to behave as an Electricad Resistance Tomography (ERT) system, responding
predominantly to changes in the conductivity of the materia rather than its per mittivity.

In practice, the effect of conductivity isjust noticeable with pure distilled water, becomes a severe
problem with tap water and becomes the dominant effect for even weak saline solutions. In these
circumstances, any images obtained from the ECT system will be based on the conductive properties
of the medium rather than its dielectric properties. In fact the ECT system can be considered to be
operating as an ERT system when the conductivity reaches these levels.

As the conductivity increases further, two further effects occur which drastically reduce the accuracy
and effectiveness of the ECT system inits ‘ERT’ mode. Thefirst of these is a saturation effect. As the
resistance between the pairs of electrodes fals, the current which flows into the detector eectrodes
overloads or saturates the detector circuitry and no further changes in current are measurable unless
steps are taken to reduce the measurement sensitivity.

The second effect occurs because the ‘on’ resistances of the eectronic switches in the ECT system
rather than the resistance of the medium start to limit both the voltage which can be applied between
the sensor eectrodes and also the currents which flow between them. So even if the measurement
circuitry is desengtised to alow larger currents to be measured, there will be a loss of sengtivity
because of the resistances of the eectronic switches. In these circumstances it is preferable to use a
constant-current-injection measurement technique (rather than the applied voltage method which is
used in ECT systems) to obtain the ERT image and this is indeed the method which is used in
commercia ERT measurement systems.
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As mentioned earlier, the problem of conductive fluids is much more serious if external electrodes are
used. This is because there is relatively weak eectrical coupling through the wall of the sensor
between the electrodes and the sensor fluid when compared with the coupling across the fluid.
Consequently the conductive fluid tends to act as a continuous and perfectly conducting object. If
the sensor isfull, the fluid actsas acircular conducting shield just inside the sensor wall and smply
couples the electrodes together via the dielectric material of the sensor wall. When this happens,
the image obtained is smply that of the outside surface of the fluid only. Experience suggests that it
is not possible to image insde even dightly-conducting fluids using ECT sensors with external
electrodes (athough it isjust possibleif distilled water is used).
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5. ECT CAPACITANCE SENSORS
5.1ELECTRODE LOCATION

Capacitance sensors for use with TFLR5000 ECT systems will normally be customised items for
each individual application, and can take one of two basic forms. The simplest arrangement, for a
single plane sensor, conssts of a non-conducting section of pipe surrounded by an array of equaly-
spaced screened capacitance sensor electrodes. A demonstration 16-electrode sensor of this type is
supplied with each ECT system (figure 5.8.1) and photographs showing its construction are shown in
Appendix 2. An dternative arrangement is an insulated pipe liner, fitted with sensor electrodes which
isinserted into the pipeline. A twin-plane sensor will contain two sets of measuring electrodes located
at different axia planes, together with guard el ectrodes.

In general, ECT sensors can be constructed with electrodes located on either the inner or outer suface
of non-conducting pipes (or embedded within the pipe wall). Electrodes are often located on the outer
surface for convenience of construction and because in this arrangement, the electrodes are non-
invasive. However, sensors with eectrodes on the outside of the sensor wall can exhibit considerable
non-linearity in their response to dielectric materials introduced inside the sensor. This effect is caused
by the presence of the sensor wall, which introduces an additional series coupling capacitance into
the measurement. If more accurate measurements are required, sensors with electrodes on the insde
surface of the sensor wall should be used.

As the inter-ectrode capacitances are typically small fractions of a picoFarad, an earthed screen is
required around the electrodes to eliminate the effects of extraneous signas, which would otherwise
predominate and corrupt the measurements. The overall eectrode assembly is connected to the CM U
by screened flexible coaxial leads.

5.2 NUMBER OF ELECTRODES

TFLR5000 ECT systems can be used with capacitance sensors having between 2 and 16 measurement
electrodes and a similar number of driven guard electrodes. Capacitance measurements (using protocol
1) are made between each electrode and every other electrode. For a sensor containing E measurement
electrodes, there are E(E-1)/2 unique capacitance measurements. This corresponds to 66 individua
measurements for a 12 el ectrode sensor.

The number of electrodes used will depend on the measurement priorities. There is a trade-off
between the axial and radial resolutions of ECT sensors, the capacitance measurement sensitivity
and the maximum data capture rate. Shorter electrodes will giveimproved axial resolution but at
the expense of anincreasein system noise level. This can be compensated by using fewer electrodes
so that the eectrode area is maximised and this in turn will give faster maximum frame capture
rates.

TFL R5000 systems can capture data at more than 5000 frames per second when sensors with up to 8
electrodes are in use. For sensors with between 9 and 16 dectrodes in a single measurement plane, the
maximum data capture rate is halved to 2500 fps.

As arule of thumb, faster frame capture rates require the use of 8 or less electrodes and this aso
improves the axid resolution. However, if good angular resolution is required a larger number of
longer measurement electrodes will be needed, but the axial resolution and maximum frame capture
rate will be reduced.
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5.3 NEED FOR DRIVEN GUARD ELECTRODES

If the sensor electrodes are short compared with the diameter of the sensor, axial guard electrodes
must be used in addition to the measuring eectrodes, to prevent the eectric field from spreading
excessvely at the ends of the electrodes. These guard electrodes are connected to guard driving
circuitry on the data acquisition module.

As a guide, if the length of measuring eectrodes is less than than approximately twice the sensor
diameter, axial guard electrodes, driven with the same potentials as the measuring el ectrodes will be

needed as shown in figure 5.3.1. The use of driven guard eectrodes dramatically improves both the
axial resolution and signal-to-noiseratio of sensorswith short electrodes.

Figure5.3.1 Driven guard electrode design for an 8-electrode sensor.

5.4 ELECTRODE NUMBERING CONVENTION

Figure5.4.1 Electrode numbering convention

For al PTL ECT sensors, we use the convention that electrodes are numbered anticlockwise when
the capacitance sensor isviewed from the connector end (or the end from which the captive coaxid
leads emerge), starting in the first quadrant above the horizonta, as shown in figure 5.4.1.

The location of each electrode on the boundary of the permittivity image is determined by the
geometry of the sensor model used to define the sensor sensitivity map. Standard sensitivity maps
for circular sensors with 6,8,12 and 16 eectrodes are provided with TFLR5000 ECT systems. For
these maps and for sensors with 6 and 12 electrodes, the centre of electrode 1 lies on the horizontal axis
(at 3 o clock) and the remaining electrodes are distributed at 30 or 60 degree intervals. For 8 electrode
sensors, the centre of electrode 1 is at 22.5 degrees above the horizontal axis and the remaining
electrodes are distributed at 45 degree intervals.
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5.5 ELECTRODE EXCITATION

All measurement channels in the TFLR5000 unit can be selected to be either source or detector
channels and the corresponding electrodes on the capacitance sensor will therefore also be excited as
either source or detection electrodes. The driven guard eectrodes follow the potentias of the
corresponding measurement e ectrodes.

As it is necessary to maximise the surface area of each electrode to optimise the measurement
sengitivity, it istempting to cover the circumference of the sensor with electrodes with minimal spacing
between adjacent electrodes. However, this can lead to problems, as the standing capacitance between
adjacent electrodes will be very large and may saturate the capacitance measuring equipment.
Consequently, thin earthed axial guard electrodes are normally located between adjacent electrodes to
reduce this standing capacitance to manageable values. A typical electrode pattern of this type has
already been shown in figure 5.3.1.

A consequence of this arrangement is that the electrical potentia on every eectrode is well-defined,
which makes it relatively straightforward to calculate the sensor sensitivity map and also resultsin an
electrically-optimum sensor design. An important point which must be understood is that, because of
the finite axial length of each sensor electrode, the per mittivity image will be the aver age over the
volume of the sensor occupied by each set of measurement electrodes.

5.6 CAPACITANCE VALUES

The TFLR5000 CMU can measure inter-electrode capacitances in the range 0.01 to 2000fF. A good
design rule is to design the sensor eectrodes so that the capacitance per unit length between adjacent
electrodesis minimised, with atarget value for adjacent el ectrodes of the order of 500fF for 10 cm long
electrodes with ar indde the sensor. This allows for an increase in capacitance between adjacent
electrodes by afactor of 4 when the sensor contains a dielectric materia. Thisis normally sufficient for
most materialswhich are likely to be imaged.

The capacitance between adjacent electrodes can be reduced by placing an earthed screening track
between each electrode and by using an outer screen located at a set radid distance from the electrodes.
With the outer screen located approximately 0.5 cm from the electrodes the capacitance between
adjacent electrodes is approximately halved compared with the value in the absence of the screen, but
there is little effect on the capacitance between non-adjacent electrodes. The inter-electrode
capacitance can be further reduced by the addition of a radia screen between each sensor electrode,
connected between the earthed screening track and the outer screen.

Having designed for minimum capacitance per unit length between adjacent electrodes, the absolute
values of inter electrode capacitances can be adjusted by varying the axial length of the electrodes. For
most ECT sensors, the capacitance between any pair of eectrodes will consist of two components, a
primary capacitance component via the internal volume of the sensor which contains the diglectric
fluids and a secondary capacitance component due to coupling via externa paths, for example,
through the vesse walls and in the space between the el ectrodes and the external screen.

For sensors with interna electrodes, the primary capacitance components usualy predominate and if

the sensor is filled with a didlectric materid, the capacitances between al electrodes will increase
approximately by the dielectric constant of the material inside the sensor.
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For sensors with externa eectrodes, the secondary capacitances can be of comparable magnitude or
larger than the primary capacitances. Experience shows that when these sensors are filled with a
didectric materia, only the capacitances between opposite e ectrodes increase by a factor equa to the
didectric constant of the material. The capacitance increases between other electrode combinations

will be less, because of the effect of the secondary capacitances.

Typical measured capacitances between al electrode-pairs for a guarded 12-electrode sensor with and
without avessdl wall are shown in figure 5.6.1

Sensor mounted on 63.5 mm o/d plexiglass tube with 3.2mm wall
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33.40 392.58
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28.98 180.59
29. 37

5.65 -148.25

Figure5.6.1 Inter-electrode capacitanceswith and without a vessel wall.

In these figures, the first column shows the source eectrode and the columns are for each detector
electrode using the normal measurement sequence C12, C13 etc.
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5.7 AVOIDANCE OF STATIC CHARGE PROBLEMS

It is important to prevent static charge building up on the sensor electrodes, as this may damage the
CMOS input circuitry of the TFL R5000 CM U when the charged electrodes are connected to the unit.
For this reason, discharge resistors must be permanently connected between each sensor and driven
guard eectrode and earth. A suitable value for these resistorsis 1 M ohm. If printed circuit electrodes
are used, it is usudly convenient to solder the discharge resistors in circuit at the location where the
coaxial leads are connected to the e ectrodes and earth.

5.8 THE DEMONSTRATION SENSOR

The demonstration sensor supplied with TFLR5000 ECT systems is an 16 electrode unguarded
sensor containing a quantity of glass or plastic beads inside a 51mm diameter PV C tube. The sensor
electrodes are formed from flexible copper-clad laminate and are 100 mm long with axia earthed
guard tracks between el ectrodes and an earthed screen at each end of the sensor. The whole assembly is
screened by an outer copper tube formed from copper sheet which is formed around the electrode
assembly and spaced approximately 15mm from the electrodes. The sensor contains 16 x 1IMohm
discharge resistors connected between the sensor electrodes and the earthed section of the flexible
PCB.

A photograph of the completed sensor is shown in figure 5.8.1.

Figure5.8.1 Demonstration 16-electrode unguarded ECT sensor

The total tube length of the sensor is more than twice the active sensor length and includes a
transparent viewing section. The sensor is haf-filled with beads and it is therefore possible to ether
fill or empty the capacitance sensor section smply by inverting the tube assembly.

The sensor has 16 individually-numbered 1.25 metre leads terminated in SMIB connectors and these
must be connected to the corresponding numbered channels on the Data Acquisition Module.

Further information on the design of ECT sensors can be found in Appendix 2.
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6. THE TFLR5000 CAPACITANCE MEASUREMENT UNIT
6.1 OVERVIEW

The main component of the TFL R5000 ECT system is the Capacitance M easurement Unit (CMU),
which measures the inter-electrode sensor capacitances. It is controlled by a standard Personal
Computer (the Control PC) running proprietary PTL (ECT 32) control software under the Windows
XP or Windows 7 operating systems. The CM U contains an embedded PC running PTL embedded
softwar e under the Linux operating system and this embedded PC is linked to the control PC by a
standard 10/100 ether net connection.

The CMU contains capacitance measuring circuitry, together with circuitry for driving any guard
electrodes. The presence of the earthed screen around the sensor and the screened connecting leads
means that a stray-immune method must be used for measuring the inter-electrode capacitances. The
technique used in the TFLR5000 unit is a development of the charge transfer method, operating at
switching frequencies between 1 and 10MHz, which allows capacitance values down to 0.00001pF
(0.01 femtoFarads) to be resolved. Outline details of the capacitance measurement circuitry are given
in paragraph 6.2.

All adjustments of the CM U are made from within the system software. These include adjustment of
the circuit gain for individual capacitance measurements, calibration of the system, and continuous
automatic monitoring and compensation for zero drift in the capacitance measuring circuitry.

The ethernet connection between the CMU and the host control computer can be implemented either
by the use of a direct cross-over ethernet lead between the 2 units or by connecting the PC and
CMU to an ethernet hub using conventional (uncrossed) ethernet |eads.

The TFLR5000 CMU can implement a range of measurement protocols, including the Protocol 1
capacitance measurement sequence in which one measurement electrode in each eectrode plane
and the equivalent driven guard electrode is set to be a source electrode, while the remaining
(detector) eectrodes are maintained at virtual earth potentials. Capacitance sensors having up to 16
measurement and driven guard electrodes in a single measurement plane or up to 8 similar electrodes
in 2 measurement planes can be used with the TFL R5000 CM U.

6.2 HARDWARE DETAILS

Full details of the capacitance measurement hardware are given in Volume 3 of this manua. The
following gives a brief overview of the CMU.

The TFLR5000 capacitance measurement unit (CMU) contains 2 sets of 8 (nhominaly) identical
capacitance measurement channels and driven guard el ectrode excitation and grounding channels. The
unit operates under control from a remote PC to measure the capacitances between individua pairs of
ungrounded electrodes at frame rates up to 5000fps and passes these readings to a host PC via an
ethernet connection. The instrument can be used with capacitance sensors having up to 16
measurement and driven guard el ectrodes in a single measurement plane system or two sets of up to 8
electrodes in two measurement planes. There are 4 sets of 8 coaxial connectors on the front pand (2
sets of 8 measurement channels for planes 1 and 2 and 2 sets of 8 driven guard channels). In single
plane mode operation with sensors having more than 8 electrodes, the 8 Plane 2 measurement channels
become measurement channels 9 to 16 for Plane 1. The operation of the instrument can be aso be
synchronised to other equipment via an external trigger interface. A functional drawing of the CMU is
showninfigure 6.2.1.
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Figure6.2.1 Component partsof the TFL R5000 Capacitance M easur ement Unit

Figure 6.2.1 shows the main components of the TFL R5000 unit, consisting of a Digital control (DSP)
circuit board, two Analogue measurement boards, two front-panel interface cable modules and a
trigger and front pand indicator interface circuit board. Thereis also an internal cooling fan.

The Digital Control (DSP) board downloads control software (firmware) to the FPGA on each 8-
channel anaogue board on power-up. Both the The DSP and the FPGA firmware can be updated from
the control PC viathe ethernet connection.

The TFLR5000 contains two sets of 8 capacitance measurement channels and a full set of driven
guard excitation channels (one for each capacitance measurement channel). The use of driven axid
guard electrodes in ECT sensors ensures that an axialy-uniform electric field is maintained over the
capacitance sensor cross-section and alows the lengths of the measurement eectrodes to be
minimised, which optimises the axia resolution of the ECT sensor.

The use of driven guard electrodes is essentia for sensors where the sensor diameter exceeds around
50mm, otherwise the axial resolution and capacitances measured across the sensor will be severely
degraded, leading to higher measurement noise and drift and lower measurement sensitivity. ECT
sensors with measurement el ectrodes as short as 3cm for use on vessel diameters up to 50cm have been
successfully constructed and operated by TFL using effective driven guarding techniques.
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All of the measurement parameters within the TFL R5000 unit can be configured and set in software
on the Control PC via a standard ethernet link. Single-electrode excitation is the norma mode of
operation, but additional options alow combinations of 2 or more electrodes to be excited
simultaneoudy to further improve measurement sensitivity if required.

The use of an ethernet connection to the control PC allows the measurement system to be operated in a
wide range of operating and data capture modes and environments and ensures future-proof operation
and upgrade capability. It also alows the use of long cable runs (up to 100m) between the capacitance
measurement unit and the control computer.

6.3. CAPACITANCE MEASUREMENT
6.3.1 Capacitance measurement requirementsfor ECT systems

The capacitance measuring system must be able to measure very small changes in inter-electrode
capacitances, of the order of 10"-17 Farads (0.01 fF), in the presence of much larger capacitances to
earth of the order of 200,000 fF (mainly due to the screened connecting cables and the outer screen of
the sensor). It must be able to measure the small capacitances between opposing e ectrodes (10fF) as
well asthe much larger capacitances between adjacent e ectrodes (500fF) and must be able to do this at
high speeds. The measurement circuit must noise-free as far as possible, immune to any interfering
signals and must be stable and exhibit low long-term drift.

6.3.2 Measurement principle

All of the measurement channels in the TFLR5000 unit are identical and consist of a square wave
excitation signal source and a synchronous demodulator and integrator circuit which converts the
inter-electrode capacitances into voltages. The basic format of the first part of each measurement
channel is shown in Figure 6.3.1 below.

Figure6.3.1 Capacitance measurement circuitry for a single plane of eectrodes
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The output from the integrator circuits passes to an offset circuit and then into a 16 bit ADC (analogue
to digital converter circuit) as shown in figure 6.3.2 below.

Figure 6.3.2 Offset and ADC circuit

The capacitance measurement channels in the TFL R5000 alow for a 33% range of inputs above and
below the nominal measurement range before overload of the measurement circuitry occurs. This is
achieved by applying an offset of approximately 20% of the nominal ADC input measurement range to
the output of the capacitance measurement circuit and by restricting the normal range of outputs from
this circuit to 80% of the maximum ADC input voltage.

Asthe ADC input range is 0 to 3V this means that the actua operating range is restricted to net inputs
to the ADC (including the offset voltage ) from 0.6 to 2.4V, which means that the normal output of the
capacitance measurement circuit is restricted to from 0 to 1.8V.

Thisis achieved using adiferential amplifier (A4) which introduces an offset of approximately 0.6V to

the signal from the output of the capacitance measurement circuit. The output from A4 then feedsthe
ADC circuit directly as shown in figure 6.3.2.

6.4 TFLR5000 DETAILED INFORMATION

Detailed information about the TFL R5000 CM U is given in Volume 3 of the Operating Manual.
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6.5 CAPACITANCE MEASUREMENT SEQUENCE
6.5.1 Protocol 1

When the TFLR5000 CMU is used to measure capacitances under protocol 1, one measurement
electrode in each electrode plane and the equivalent driven guard electrode are set to be source
electrodes, while the remaining (detector) electrodes are maintained at virtua earth potentials. This
results in the following sequence of unique capacitance measurements for a 12-€lectrode sensor:

Source channd
Ci.2, C13, Cu4, Cy5, Cr, Ci1.7, Cr8, Cr9, Cro10, Cra1, Crn2,
Co3, Co4y Cos, Cog, Co7, Cog, Cog, Co10, Co11, Con2
Cs.4, C35, C36, C37, Ca8, C39, C310, C311, Ca12
Cas, Ca6, Ca7, Cas, Ca9, Ca10, Cs11, Ca12
Cse, Cs.7, Csg, Cs9, Cs10, Cs.11, G512
Ce7, Co8, Co9, Co.10, Co11, Co.12
Cr.8, Cr.9, C.10, Cr11, Cr2
Cso, Cg.10, Cg.11, Cg12
Co10, Co11, Co12
Ci011, Cro12
Cur2

P ERPO0O~NOOUT, WNE

= O

where, for example, C;., means the capacitance measured between electrodes 1 and 2 with electrode 1
et to be a source electrode and electrode 2 set to be a detector electrode.

The capacitances between pairs of electrodes are independent of the direction of measurement.
However, in the TFLR5000, the reciproca measurements (eg C,.1) are aso made and are averaged
with the normal measurements ( C;.,) to lower the overall measurement noise level.

The rate at which measurements can be made depends on the response time of the capacitance
measurement circuits insde the CMU. The outputs of the eectronic integrators and filters in the
capacitance measurement channels must be allowed to reach their maximum values before the ADCs
in each channel are read. The integrator circuitsin the TFL R5000 have an integration time of 15us and
this ultimately determines the maximum possible frame capture rate.

6.5.2 Capacitance M easurement Control Sequence

The table in paragraph 6.5.1 defines the required measurement sequence to capture a full frame of
capacitance data. The actual measurement sequence implemented in the CMU isasfollows.

1.Set channdl 1 to be a source channel.

2. Wait approximately 25uS to allow the outputs of the electronic filters in the measurement channels
to settle and then measure the capacitances between electrode 1 and the remaining electrodes
simultaneoudly.

3. Set channd 2 to be a source channel.

4. Wait approximately 25uS to allow the outputs of the electronic filters in the measurement channels

to settle and then measure the capacitances between electrode 2 and the remaining electrodes
simultaneoudly.

V1-3-19



Repeat this sequence for each source electrode channel in turn up to channel 16.

A finite timeis taken to capture afull frame of data. For an 8-electrode sensor, thistime will be 8 x 25
= 200uS, corresponding to a frame rate of approximately 5000fps. For a 16-electrode sensor, this time
becomes 16 x 25 = 400uS, corresponding to aframe rate of 2500fps.

Notes

1. The 25uS wait period is a User-set parameter and has been set to a conservative default value to
ensure the 15uS integration period is exceeded.

2. In practice, there are additiona time delays in the system which reduce the frame capture rate by
around 20%. If high-speed data capture is required, the wait period can be reduced to eg 20uS to
compensate for these additiona delays, but this can result in dightly erratic capture rates.
Consequently, we recommend using 25uS for normal operation.

3. Irrespective of the number of electrodes on the sensor, the CMU aways scans either 8 channels (for
sensors with up to 8 electrodes per plane) or 16 channels (for sensors with up to 16 eectrodes per
plane).

6.6 MEASUREMENT MODES

The TFLR5000 ECT system can be used in a range of configurations (modes) to measure the
capacitance impedances between pairs of sensor electrodes for sensors containing perfect or dightly
imperfect dielectric materids. The basc measurement modes are CAPACITANCE,
CONDUCTANCE and IMPEDANCE. These measurement modes are implemented by changing the
format and timing of the waveforms used to control the synchronous detector clocks in the capacitance
measurement circuits. A number of standard measurement configuration parameter sets are supplied
with the TFLR5000 system, but these can be easily modified or new modes added by users as
required.

In CAPACITANCE mode, the system responds only to variations in the permittivity of the material
insde the sensor.

In CONDUCTANCE mode, the system responds only to variations in the electrica conductance of
the material inside the sensor.

In IMPEDANCE mode, the system responds to the combined effects of changes in the permittivity
and conductance of the material inside the sensor.

For ‘ideal’ dielectric materias, such as ail, glass or plagtics, the conductive component is normally
negligible and the impedance and capacitance measurement modes should produce similar results.
However, for imperfect dielectric materials (eg organic materials such as grain) the conductive
component of the impedance between the electrodes can become comparable to or larger than the
capacitive component of impedance.

Measurement of the conductive component can give useful information about the moisture content of

dielectric materials provided the conductive component is comparable to or less than the capacitive
component.
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7 ECT SYSTEM CALIBRATION AND NORMALISATION

Chapter 6 explained how the inter-el ectrode capacitances are measured. Although an ECT system can
be operated on the basis of absolute capacitance measurements, most practical ECT systems use
normalised capacitances. These are derived from the absolute capacitances by carrying out a series of
measurements under controlled conditions and generating a calibration datafile.

7.1 CALIBRATION PRINCIPLE
In the normal method of operation, an ECT system is calibrated by filling the sensor with the two

reference materialsin turn and measuring the resultant inter-electr ode capacitance values at these
two extreme values of relative per mittivity.

. g

CAPACITANCE

CL

KL KH

RELATIVE PERMITTIVITY

Figure7.1.1 Reationship between capacitances and per mittivity

This stuation is shown diagramatically in figure 7.1.1, which illustrates how the measured inter-
electrode capacitances change between the higher and lower values of permittivity used for
calibration, for two materials of relative permittivity K, and Ky, For simplicity, it has been assumed
that the variation islinear.

This method of calibration defines the two end points of the measurement range for most types of
ECT measurement.

The data generated during the calibration process is held in a caibration file. A valid calibration file
must be available before the ECT system can be used to capture valid data.
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7.2 CALIBRATION FILE GENERATION

Calibration involves carrying out a sequence of measurements to determine the inter-electrode
capacitances between al combination of electrodes when the sensor is filled in turn with dielectric
materials at the lower and upper ends of the permittivity range to be measured. This information is
measured as a set of integers which are the output counts of the ADCs. The values of these counts
together with circuit and set-up parameters, relate to the absolute capacitances measured between the
selected eectrode-pair at the high and low permittivity calibration points. These absolute capacitance
values are stored in the calibration file for each electrode-pair measurement at both the low and high
permittivity calibration points. A similar set of measurements is also made with no source excitation to
obtain the set of charge injection (zero basdline) capacitances described in chapter 7.2.1.

Once these capacitances have been measured and stored in a calibration file, this data can be used to
measure the inter-electrode capacitances when the sensor contains an arbitrary distribution of the two
materials used to caibrate the sensor.

The basic principle of the calibration processis described blow

7.2.1 Chargelnjection (zero basdineor drift) Capacitances measur ement

The capacitance measurement circuits will indicate a small value of capacitance between pairs of
sensor electrodes even when no excitation voltage is applied to either electrode. This is caused by
capacitive coupling of the clock waveforms used to control the CMOS switches in the measurement
circuit, which causes smal quantities of charge to appear at the switch outputs. These spurious
capacitances are known as charge injection capacitances and can be measured by operating the ECT
system with no source electrode excited. Note that these capacitances are somertimes referred to as
zero basdine or drift capacitances.

The first stage of the calibration is therefore to measure the charge injection capacitances Co for each

capacitance to voltage measurement channel and to record these capacitance values for each of these
measurement channels.

7.2.2 Lower Permittivity Capacitances measur ement

The next step is to measure the set of inter-electrode capacitances C,. when the sensor is filled with the
lower permittivity material. Thisis carried out asfollows:

The sensor is filled with the lower permittivity material and the values of inter-electrode capacitances
are measured and recorded. The true vaue of the inter-electrode capacitances at the low permittivity

calibration point can then be calculated by subtracting the appropriate charge injection capacitances Cy
from the measured values C, .

7.2.3 Higher Permittivity Capacitances measur ement
The procedure described in para 7.22 is then repeated with the sensor filled with the higher permittivity
materia and the absolute values of capacitance Cy are again calculated and corrected.

7.2.4 Capacitance nor malisation

The measured sets of calibration capacitances C. and Cy are then used to normalise the subsequent
measured capacitances as described in chapter 7.3.
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7.2.5 Sample Calibration Data

A sample cadlibration file is given for a single-plane 8-electrode sensor is given below. The plane 2
values should be ignored as no sensor eectrodes were connected to this plane when the file was
generated. Any text in italics is not in the calibration file and has been included for explanatory
purposes only.

Note that the true inter-electrode capacitances measured during the calibration process can be
obtained by subtracting the char ge injection capacitance values from the high and low permittivity
absolute capacitance values.

Header Segment

D3CC File Identification Code

382810 Parameters Vector = [act i vePl anes, el ect rodes, neasurenents,
types, sync_type]

Data Segment

0# CAPACITANCE

Low permittivity absolute capacitancesin fF

Plane 1

367.394 30.931 16.080 13.295 15.289 29.193 364.418
414.982 30.788 16.135 12.891 15.657 30.206
417.228 31.621 16.142 13.794 16.637

423.622 30.334 16.531 13.986

387.947 31.784 16.909

414.100 31.405

400.606

Plane 2

6.376 1.067 0.805 0.573 0.387 0.112 -0.024
5.403 0.896 0.574 0.292 0.117 0.048
5750 0.668 0.418 0.302 0.253

7.400 0.429 0.432 0.527

3.132 0.655 0.789

6.144 1.109

6.709

High permittivity capacitancesin fF

Plane 1

436.858 52.081 27.252 22.570 26.061 49.629 432.014
482.501 51.891 27.378 22.025 26.868 51.537
481.469 53.280 27.439 23.555 28.482

488.355 51.193 28.168 23.833

456.074 53.553 28.623

480.368 52.819

467.134
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Plane 2

6.371 1.067 0.801 0.572 0.388 0.119 -0.008
5.409 0.899 0.573 0.288 0.121 0.047

5752 0.668 0.409 0.309 0.243

7.409 0.423 0.431 0.532

3.128 0.661 0.794

6.173 1.112

6.704

Charge Injection capacitances

Plane 1

77.998 -15.979 -16.839 -17.013 -14.973 -19.442 80.293
82.174 -17.836 -17.941 -15.906 -20.379 -17.012
84.846 -13.733-11.883 -16.185 -12.706
78.806 -12.548 -16.928 -13.527
83.037 -17.237 -13.764
83.276 -11.932
78.425

Plane 2
74.022 -18.042 -17.723-19.112 -17.584 -21.250 71.325
75.400 -18.313-19.778 -18.292 -22.077 -21.373
76.512 -18.203 -16.607 -20.216 -19.495
74.767 -16.164 -19.758 -19.104
76.539 -20.971 -20.399
78.361 -18.781
72.838

Configuration segment

#Params:

#Gain 3.636

#RF 15030

#VMax 3.27

#V Offset 0.6

#VS 15

#

#Electrodes. 8

#

#Waveforms:

#

#CAPA +++++-—--- 5Mhz

# 3333344444 Attn:8 4111114

#

#Sequence:

#CAPA....

#

#Registers:

#FPGA Q[ 100] Capacitance mode 1 [4a00] Delay: S1-0 S3-0 $4-5 Freqg. reduction
#FPGA 1] 200] Capacitance mode 1 [4a00] Delay: S1-0 S3-0 $4-5 Freqg. reduction
#FPGA Q[ 101] Capacitance mode 2 [fOcO] OrPtn 1 Freq 1 Ints: 192 S1 S3 A4 S5
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#FPGA 1] 201] Capacitance mode 2 [fOcO] OrPtn 1 Freq 1 Ints: 192 S1 S3 A4 S5
#FPGAQ[10c] Test Config [0006] Attn(sim ex only): 1
#FPGA1[20c] Test Config [0006] Attn(sim ex only): 1

#FPGAQ[10d] Or ptn for S3 Set 1 [03e0] 1111100000

#FPGA1[20d] Or ptn for S3 Set 1 [03e0] 1111100000

#FPGAQ[10€]Or ptn for $4 Set 1 [03e0] 1111100000

#FPGA1[20€] Or ptn for $4 Set 1 [03e0] 1111100000

#FPGAOQ[10f]Or ptn for S3 Set 2 [03e0] 1111100000

#FPGA1[ 20f] Or ptn for S3 Set 2 [03e0] 1111100000

#FPGAQ[110]Or ptn for 4 Set 2 [03e0] 1111100000

#FPGA1[210]Or ptn for $4 Set 2 [03e0] 1111100000
#FPGAQ[111]Config [0101] Set1[Freq:5Mhz Dly:0ns| Set2[Freq:5Mhz Dly:0ng|
#FPGA1[211]Config [0101] Set1[Freq:5Mhz Dly:0Ons| Set2[Freq:5Mhz Dly:0ng|
#FPGA Q[ 112] Electrode config [0200] 08 Elec Rotation norm
#FPGA 1] 212]Electrode config [0202] 08 Elec Rotation norm
#FPGAQ[ 113] Attenuator map [€002] Attnmap (0-7): 8 4111114
#FPGA1[213] Attenuator map [e002] Attnmap (0-7): 8 4111114
#FPGAQ[116]Excitation for proj. 2,1 [0201] 00000010:00000001
#FPGA 1] 216]Excitation for proj. 2,1 [0201] 00000010:00000001
#FPGAOQ[117]Excitation for proj. 4,3 [0804] 00001000:00000100
#FPGA1[217]Excitation for proj. 4,3 [0804] 00001000:00000100
#FPGAQ[118]Excitation for proj. 6,5 [2010] 00100000:00010000
#FPGA 1] 218] Excitation for proj. 6,5 [2010] 00100000:00010000
#FPGAOQ[119]Excitation for proj. 8,7 [8040] 10000000:01000000
#FPGA 1] 219] Excitation for proj. 8,7 [8040] 10000000:01000000
#FPGAQ[ 11a] Attenuator map 2 [0000] Attnmap (8-15): 11111111
#FPGA1[ 21a] Attenuator map 2 [0000] Attnmap (8-15): 11111111
#CRC: 4b3c

#FPGA Version: 46,46

#DSP Verson: v2.0-pl

#

7.2.6 Measurement of arange of calibration files.

True calibration can only be carried out when it is possible to fill the sensor with the lower and higher
permittivity materials respectively. The ECT32 software allows partid recalibration, at either the lower
or higher permittivity points only, and thisfacility is very useful for dealing with minor empty (zero) or
full (1) cdibration drift problems. However, it is a sensible precaution to measure arange of calibration
files for a particular sensor under different conditions of room temperature etc before attempting to
capture ECT data which will be used for subsequent analysis or processing. These calibration files can
then be stored and the optimum file for the current measurement conditions can then be selected for
use during data capture without the need for further full recalibration of the sensor.
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7.3 CAPACITANCE MEASUREMENTSAND NORMALISATION

In the TFL R5000 ECT system, the basic inter-electr ode capacitance values are measured and stored
as absolute capacitances, but these are subsequently converted into nor malised values, from which
the normalised pixel per mittivity values are calcul ated.

When data capture dtarts, the capacitances between all unique pairs of sensor electrodes are
measured continuously and these capacitance values are stored as absolute values for each frame of
datain abinary datafile.

The absolute capacitance measurements are normalised to lie between the values 0 and 1, where O
corresponds to the values measured at the lower permittivity calibration point and 1 corresponds to
the values measured at the upper permittivity calibration point, for each inter-electrode capacitance
measurement.

The normalised capacitance measurements can be displayed as vertical lines in the ECT32 software by
displaying the appropriate capacitance windows.

7.3.1 Normalisation Of Inter-Electrode Capacitances

The absolute inter-electrode capacitances are normalised as follows. The values measured at the
lower permittivity calibration point (C.) are assigned vaues of O while the inter-electrode
capacitances measured at the higher permittivity calibration point (Cy) are assigned values of 1. This
relationship is shown in graphical format in figure 7.3.1 and is defined by the equation:

CN = (C - CL) / (CH - CL) (7.3.1)

where C, is the set of normalised inter-electrode capacitances and C are the set of absolute
capacitances measured with the sensor containing a materia of arbitrary permittivity, Cy are the set of
absolute capacitances measured at the higher permittivity calibration point and C, are the set of
absol ute capacitances measured at the lower permittivity calibration point.

Cn

NORMALISED CAPACITANCE Cn

0 f
CL C CH

ABSOLUTE CAPACITANCE C
Figure 7.3.1 Normalisation of inter-electrode capacitances

The absolute capacitances Cy can be calculated from the normalised capacitances as follows:

C=Cyv.(Cy-C)+CL (7.3.2
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7.4 NORMALISATION OF PIXEL PERMITTIVITY VALUES

The relative permittivity values of each pixd are calculated from the normalised capacitance values
and are themselves normalised in asimilar manner to the inter-electrode capacitances. Specificaly:

The permittivity valuesfor each pixel in the ECT image for the lower permittivity calibration point
(K.) are assigned values of 0, while the pixel permittivities in the image at the higher calibration
point (Ky) are assigned values of 1. This relationship is shown in graphical format in figure 7.4.1 and
is defined by the equation:

Kn=(K-K)/(Ky-Kp) (7.4.1)

where K, is the set of normalised permittivities (pixel values) when the sensor isfilled with amaterial
of permittivity K, Ky is the effective permittivity of the material used to cdibrate the sensor at the
higher permittivity calibration point and K| is the permittivity of the material used to cdibrate the
sensor at thelower permittivity calibration point.

Kn

NORMALISED PEWRMITTVITY Kn

0 .
KL K KH

ABSOLUTE PERMITTIVITY K

Figure 7.4.1 Normalisation of pixe permittivity values
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SECTION V1-4

CALCULATION OF PERMITTIVITY AND CONCENTRATION DISTRIBUTIONS

This section explains how permittivity and concentration images are obtained from the normalised
capacitance measurements.
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8 IMAGE RECONSTRUCTION OVERVIEW
8.10OBJECTIVESOF ECT

ECT systems can be used to obtain images of the distribution of permittivity insde ECT sensors
for any arbitrary mixture of different dielectric materials. However, the TFLR5000 ECT system
isintended primarily for use with mixtures of two materials having different dielectric constants
(permittivities). These are known as two-phase mixtures and for mixtures of this type, the ECT
system can provide approximate information about the relative proportions (voidage) of the two
materials inside the ECT sensor a any given time, as well as displaying their approximate
distribution across the sensor plane. The main task in an ECT system is therefore to convert the
measured capacitance values into a permittivity image. For a mixture of 2 dielectric materids,
the concentration distribution is related to the per mittivity distribution, so once the capacitance
measurements have been made, the task reduces to caculating the permittivity distribution from
these measurements.

8.2 ECT SYSTEM OPERATION
The basic method of operation of the TFL R5000 ECT system is asfollows:

1. The properties of the sensor are measured or calculated to produce a sendtivity matrix of
the sensor. Thisisa set of sub-matrices whose elements correspond to the individual pixels
in arectangular grid which is used to define the sensor cross-section. The sub-matrices
are known as sensitivity maps.

2. The sensor is normally calibrated a each end of the range of permittivities to be
measured by filling the sensor with the lower permittivity material initialy and
measuring al of the individua inter-electrode capacitances. This operation is then
repeated using the higher permittivity material. The data obtained during the calibration
procedure is used to set up the measurement parameters for each measuring channel and is
stored in acalibration datafile.

3. Once the system has been calibrated, the capacitances between all unique pairs of sensor
electrodes are measured continuoudy a high speed, giving E.(E-1) vaues per
measur ement or image frame, where E is the number of sensor electrodes. The reciproca
measurements are averaged to produce E.(E-1)/2 unique capacitance measurements and
these are then converted to normalised values.

4. A sensor concentration/per mittivity model, which defines the relationship between the
concentration distribution across the sensor and the resultant inter-electrode capacitance
measurements is chosen and the normalised capacitance measurements are modified
according to this sensor model.

5. Animage reconstruction algorithm is used to compute the cr oss sectional distribution of
the permittivity of the material inside the pipe. Images can be constructed from the
capacitance measurements either at the time of measurement (on-line) or from stored or
captured data (off-line). The standard a gorithm supplied with the TFL R5000 system is the
so-caled Linear Back-Projection (LBP) agorithm. This is a fast but approximate
algorithm which uses the capacitance measur ements, together with the sensitivity map to
produce the image. Other alternative agorithms can be used with the stored data to produce
more accurate images.
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8.3IMAGE RECONSTRUCTION PROBLEMS

There are severa problems which make it difficult to calculate accurate permittivity distributions
insde the sensor from the normaised measured inter-electrode capacitances. Some of these are
listed below:

1. Thelimited number of unique inter-electr ode capacitance measurements available severely
limits the image resolution that can be achieved.

2. The soft field effect, which causes the eectric field lines insde the sensor to be distorted by the
sensor contents, means that s mple image reconstruction agorithms may produce distorted images.

3. The relationship between the measured capacitances and the per mittivity distribution inside
the sensor depends on how the constituent materials are distributed inside the sensor. A suitable
sensor capacitance/per mittivity/concentration model must be chosen if accurate concentration
figures are to be obtained.

4. Accurate information about the capacitance sensor (the sensor sensitivity matrix) must be
known before permittivity images can be cal cul ated.

8.4LINEAR AND NON-LINEAR IMAGE RECONSTRUCTION METHODS

Most ECT sensors are inherently non-linear devices, partly because of the soft field effect and
also because, in many cases, the electrodes ar e located outside the walls of insulating vessels so
that the sensor can be non-invasive. In these cases, the electric field lines between the sensor
electrodes are distorted by the vessel wall. Moreover, the capacitive coupling from the electrodes to
the materia inside the sensor will be weakened if the permittivity of the sensor contents is higher
than that of the vessdl wall.

Fortunately, in many cases, the permittivity contrasts between the materids in the mixture are
relatively small, resulting in correspondingly small distortions in the eectric field. In these cases,
linear methods, such as the LBP algorithm, already described briefly in paragraph 3.8, can be used
with good effect to caculate the permittivity image. Improved accuracy can be achieved by using
iterative versions of this algorithm. Further information about iterative algorithms is given in
chapter 13 of this manual. Even when the permittivity contrasts are higher, linear methods can till
be used aong with with iteration to obtain reasonable images.

However, when the permittivity contrasts are large (>10), non-linear image reconstruction
methods must be used if accurate images are to be obtained. Thisis particularly the case when one
of the dielectric materials is water, which has a very high relative permittivity (dielectric constant)
of 80 (for pure distilled water). Non-linear image reconstruction methods are outside the scope of
this manual at present
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8.5. ECT IMAGE FORMATS, PERMITTIVITY DEFINITIONSAND VOIDAGE

A typica ECT permittivity image format uses a square grid of 32 x 32 pixels to display the
distribution of the normalised composite permittivity of each pixd. For a circular sensor, 812
pixels are used to approximate the cross-section of the sensor. The values of each pixel represent
the normalised value of the effective per mittivity of that pixel. In the case of a mixture of two
dielectric materials, these permittivity values are related to the fraction of the higher permittivity
material present (the volumeratio (or voidage)) at that pixel location.

In principle, for an ideal ECT sensor with internal electrodes and containing a dielectric material
of uniform permittivity, there will be a linear relationship between the normalised inter-
electrode capacitances and the resulting normalised pixd permittivity values. For example, if the
sensor contains a uniform material of normalised permittivity K,, = P, the normalised inter-
electrode capacitances will all have the value P, resulting in an image wher e each pixel also has
thevalueP.

The overall volume ratio, which defines the ratio of the two materials present, averaged over
the volume of the sensor, can aso be obtained. The overall volume ratio of the materials insde
the sensor at any moment in time is defined to be the percentage of the volume of the sensor
occupied by the higher permittivity material. The volume of the sensor is the product of the
cross-sectiona area of the sensor and the length of the sensor measurement e ectrodes.

In al of the following we shall be referring to the relative permittivity (or dielectric constant) of
materials. The relative permittivity of a material is its absolute permittivity divided by the
permittivity of free space (or air). Hence the relative permittivity of air is 1 and typical values for
other materialsin solid or liquid format are polystyrene (2.5), glass (6.0) and minera oil (2.3).

In this manual, we have used three different terms to describe the same concept, as they are dl in
common use. These are volume ratio, voidage and concentration, which we define to be the
fraction of the higher permittivity material present in the mixture. These terms are inter-changeable
in the following text.

Section V1-4 of thismanua describes in detail the steps needed to obtain a permittivity image from
the inter-electrode capacitances measured by the CMU, based on the use of the Linear Back
Projection (L BP) agorithm and derivatives of this agorithm.
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9 THE LINEAR BACK PROJECTION (LBP) ALGORITHM

ECT is an example of what Mathematicians call an "Inverse Problem™. Whereas we can measure
the inter-electrode capacitances of an ECT sensor, what we actually want to know is the
corresponding permittivity distribution inside the sensor, which can be considered to be the
inverse of theactua measurement.

9.1 The Forward Problem

When the sensor inter-electrode capacitances are measured, the resulting values of capacitance are
a direct result of the permittivity distribution inside the sensor. For a given sensor, containing E
measurement electrodes in each measurement plane, there will be m unique inter-electrode
capacitance measurements where:

m=E. (E-1) /2 and E isthe number of electrodes. For example, if E = 12 then there are m = 66
possi bl e capacitance measurements.

We can represent the set of capacitance measurements corresponding to one image frame as an
array (or matrix) C containing m measured normalised capacitance val ues.

If we similarly define the permittivity distribution as a set of n normalised square permittivity
pixels, they can be represented as an n - element array or matrix K. For example. if the permittivity
distribution is based on a32 x 32 pixel grid, then n= 32 x 32 = 1024 pixels.

If we now assume that the relationship between the measured capacitances and the permittivity
digtribution inside the sensor is substantidly linear (which may or may not be the case in practice),
we can use the eectrical superposition theorem to define the relationship between these two
matrix parameters. Writing the superposition theorem in aform relevant to this situtation, it states
that the capacitance measured between any electrode pair for a given permittivity distribution K will
be equal to the sum of the capacitances which would exist between the same electrode pair if each
pixel in the permittivity distribution acted independently, with all other pixels set to zero normalised
permittivity.

That is, we can find the capacitance between one pair of electrodes for a given permittivity
distribution K by setting up a set of n pixel digtributions, where successive pixels, starting with the
first pixel, are set to their K value with all of the other pixels set to K = 0. We then measure the
elementd inter-electrode capacitances for each case where one pixel is non-zero and add up al of
these elemental capacitance values for each non-zero pixel distribution to obtain the value of
capacitance C for the overall permittivity distribution K.

This can be represented mathematically as a matrix equation:
C=SK (9.1
where: C isamatrix containing the set of m measured normalised inter-el ectrode capacitances
K isamatrix containing the set of n normalised permittivity vaues
Sisamatrix which relates C and S and is known as the sensor sensitivity matrix (or

forward transform) and has the dimensions (m x n).

In practice, most ECT sensors containing low-permittivity materias are sufficiently linear for this
approximation to be valid and equation 9.1 is substantially accurate in these cases.
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So if we know the permittivity distribution K insde the ECT sensor, we can caculate the
capacitances that would be measured between each electrode-pair using equation 9.1, provided that
we also know the values of the elementsin the matrix S.

These values can be found by any of a variety of different methods and the process of obtaining
these values (solving for the sensitivity matrix S) is known as solving the " Forward Problem” in
Inverse Problem terminology.

9.2 Thelnverse Problem

In principle, once the sengitivity matrix Sis known, it is a mathematically simple process to obtain
the permittivity distribution K from the capacitance measurements C by inverting matrix equation
9.1. Thatis:

K=s'C (9.2)

The solution of this equation is known as solving the | nver se Problem by mathematicians and
St isknown asthe Inverse Transform.

Unfortunately, it is only possible to obtain the inverse of a square matrix, where (in this case) the
number of inter-electrode capacitance measurements m equals the number of pixels n in the
permittivity distribution. However, we have already seen that for even a relatively low-resolution
image, nistypicaly 1024 whereas, for a 12-electrode sensor, there will only be m=66 capacitance
measurements. Consequently it is not possible to use atrue inverse of the sengitivity matrix to solve
the inverse problem and some other approximate transform must be found.

In the LBP agorithm, the transpose of the sengtivity matrix (obtained by swapping the rows and
columns of the senditivity matrix) is used astheinversetransform. Thisnx m element matrix has
the correct dimensions to satisfy equation 9.2 but is at best, a poor approximation to a true inverse
transform. However, the use of this transform can be justified on physical grounds (see Appendix 2)
and athough its use produces very blurred images, these can be improved by the subsequent use of
more sophisticated algorithms.

So the inver se problem can now be defined as follows:
K=CS (9.3)

where: K isthe permittivitty distribution to be found
C isthe set of measured inter-electrode capacitances
S' isthe transpose of the sensitivity matrix

The LBP algorithm is simple and fast. However, the images produced by this agorithm are blurred
because, unlike the case of X-rays, where a single ray path between source and detector will pass
through only one set of pixels, the electric field between two capacitance e ectrodes spreads out and
intercepts many pixels. The effect of this is to give a spurious and unwanted level of background
permittivity to each pixd. This can be removed by some form of filtering or thresholding if
required. Alternatively, an iterative technique as described in chapter 13 can be used to improve the
image accuracy.

It is clear that the sensitivity matrix and its transpose are the keys to using the LBP algorithm and
the next chapter discusses these matricesin further detail.
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10 THE SENSITIVITY MATRIX

The sensor sensitivity matrix contains information about how the measured capacitance between
any combination of electrodes changes when a change is made to the permittivity of a single pixe
inside the sensor.

101 THE ELECTRIC FIELD DISTRIBUTION INSIDE THE SENSOR

The variation in sensitivity inside the sensor can be better understood by considering the case where

one eectrode of the sensor (at 3 o clock in the figure below), is connected to a positive potential V
and all of the other electrodes are connected to earth (or virtual earth).

Figure10.1.1 Equipotential linesinsde ECT sensor

The eectric field distribution for this stuation is shown in figure 10.1.1 (the figure shows the
equipotentia lines) and is relatively uneven, the field being strongest near to the excited eectrode
(where the equipotential lines are closest together) and weakening with increasing distance from this
electrode. The corresponding eectric field lines are shown in the figure below.

Figure10.1.2 Electricfield distribution insde ECT sensor
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A second example, calculated and plotted using different software for an excited electrode located at
11 o clock is shown below.

Figure 10.1.3 Equipotentialsfor an electrode located around 11 o clock

The effect of these uneven eectric field distributions is that the change in capacitance measured
between any two electrodes caused by an object with a given permittivity will vary depending on
the location of the object inside the sensor. For example, when used with a circular cross section
sensor, the ECT system is most sensitive when an object is placed near the walls of the vessdl and is
least sengitive at the centre of the vessal.

Allowance is made for this effect in the LBP algorithm because the variation of sensitivity with
position for each pixel is stored in the sengitivity map file. When the ECT system constructs images,
it reads the sensitivity map and cal culate the image pixels accordingly.

10.2 CALCULATION OF THE SENSITIVITY MATRIX

The sengitivity matrix must be calculated (or measured) for each individual sensor as a separate
exercise prior to using the sensor with an ECT system. Two methods for doing this are described
below. In generd, the first method is preferred as experience has shown that it gives better results
and isrelatively fast due to easier computation.

V1-4-8



10.2.1 Calculation directly from eectricfields

The first method for calculating the sensitivity coefficient S of a pixel for an electrode-pair (i-j) is
based on the use of equation 10.1.

S= AEi . Ej . dA (10.1)

where E; is the electric field insgde the sensor when one electrode of the pair i is excited as a source
electrode, E; isthe electric field when electrodej is excited as a source € ectrode and the dot product
of the two eectric field vectors E; and E; is integrated over the area A of the pixdl. The set of
sensitivity coefficients for each eectrode-pair isknown as the sensitivity map for that pair. Hence
the senditivity matrix can be considered to be formed from m sensitivity maps, one for each
inter-electr ode capacitance pair.

For empty circular sensors with ether interna or externa electrodes, it is possible to derive an
analytical series expresson for the eectric fields and in this case, the sensitivity coefficients (and
also the dectrode capacitances) can be calculated accurately. For more complex geometries,
numerica methods can be used to calculate the sensitivity coefficients. As circular ECT sensors
have a high degree of symmetry, it is normally only necessary to calculate afew primary sengitivity
maps for the set of unique geometrical electrode pairings, as dl of the maps for the remaining
electrode pairings can be derived from these primary maps by reflection or rotation (see paragraph
10.5 for further information about this).

10.2.2 Calculation from capacitances

A second method for calculating sensitivity matrices is based on caculating the inter-electrode
capacitances when each pixel in turn contains the higher permittivity material, with all other pixe
permittivities set to zero. That is:

Sij(n) = Cij(n) - Cij(LOW) / (Cij(HIGH) - Cij(LOW)) (10.2)

where: Sij(n) isthe sensitivity coefficient for the nth pixel for the capacitance pair i-j

Cij(n) is the capacitance measured between the ith and jth eectrodes when pixe n
contains the higher permittivity material and all of the other pixels contain the lower
permittivity material.

Cij(LOW) is the capacitance measured between the ith and jth electrodes when the
sensor contains the lower permittivity material only.

Cij(HIGH) is the capacitance measured between the ith and jth el ectrodes when the
sensor contains the higher permittivity materia only.

Calculation of the inter-electrode capacitances requires knowledge of both the electric potentia
distribution V(x,y) and the permittivity distribution K(x,y) inside the sensor.

The eectric potentid distribution Vi(x,y) inside the sensor is caculated with dectrode i as the
source electrode (at a potential +Vs) and al of the other electrodes set to be detector electrodes (at
OV potential). Finite element methods are normally used to calculate Vi(x,y) for a given sensor
geometry.
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The permittivity distribution K(x,y) can be defined quite smply, asK is set to equa the lower value
of permittivity for al pixels except the kth pixd, for which the coefficients are to be calculated, in
which caseit is set to the high permittivity value.

Once the dectric potentia distribution Vi(x,y) is known, the inter-electrode capacitances Cij(k) can
be calculated using equation 10.3 below:
R R

Cijk) = - (Vo) K(x,y). N Vi(xy). dx dy (10.3)

R -R
where R istheinternal radius of the circular vessel
Having calculated each of the inter-electrode capacitances, the sensitivity coefficients may then be
calculated using equation (10.2).
10.3 NORMALISATION OF SENSITIVITY MATRICES
Whichever method is used, the sensitivity coefficients have to be normalised so that when equations

9.1 and 9.3 are used, the pixel values have the vaue 1 when the normalised capacitances have the
value 1 and vice-versa

104 TYPICAL SET OF PRIMARY SENSITITIVITY MAPS

A set of primary maps for an 8-electrode sensor operating under protocol 1 and calculated using the
method described in paragraph 10.2.1 is shown in figure 10.4.1.

Figure 10.4.1 Primary Sensitivity Mapsfor an 8-electrode sensor

The maps show the relative pixel sensitivities on a compressed colour scale, where blue pixels
represent areas of negative sensitivity, where the capacitance for the electrode pair will decrease
when the permittivity of the pixel increases, green pixels represents areas of zero sensitivity and
red pixels represents positive sensitivity regions, where the capacitance increases when the pixel
permittivity increases.
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10.5SYMMETRY PROPERTIESOF SENSITIVITY MAPS

In principle, we need to calculate the sensitivity map for each electrode pair. Fortunately we only
need to calculate the set of primary sensitivity maps, as shown, for example, in figure 10.4, because
ECT sensors often have a high degree of symmetry. For example, of the 66 possible capacitance
measurements for a 12 element sensor, there are only 6 unique inter-electrode-pair capacitances if
the sensor isempty and is symmetrical. These are the capacitances C12, C13, C14, C15, C16, C17.
That is the capacitances measured between adjacent electrodes, between next but one e ectrodes and
so on, up to that between diametrically opposed electrodes. All of the other sensitivity maps may
be deduced from the maps for these electrode pairs from the symmetry properties of the sensor.

The equivalence between the remaining capacitance measurements and the 6 vaues for which the
sengitivity coefficients are actually calculated or measured is shown in table 10.1. This shows the 6
coefficients S12 - S17 calculated in the plane theta= 0 and the equivalent coefficients for the planes
thetafrom 30 to 330 degrees.

Table10.5.1

Equivalence Of Sensitivity Coefficients For A 12 Electrode Sensor

THETA O 30 60 90 120 150 180 210 240 270 300 330
Degrees

S1,2 S2,3 S3,4 A5 S5,6 $6,7 S7,8 8,9 $9,10 S1011 S11,12 S1,12

S1,3 24 S35 $4,6 S5,7 $6,8 S7.9 $8,10 $9,11 §10,12  S1,11 §2,12
S1,4 S25 S3,6 A7 S5,8 6,9 S7,10 8,11 $9,12 S1,10 S2,11 S3,12
S1,5 S2,6 S3,7 $4.8 S5.9 $6,10 S7,11 $8,12 S1.9 §2,10 3,11 $4,12
S1,6 2,7 S3.8 $4.9 $5,10 $6,11 S7,12 S1,8 S29 S3,10 4,11 $5,12
S1,7 S2,8 S3.9 $4,10 S5,11 $6,12

106 USE OF MODIFIED SENSITIVITY MATRICES FOR HIGH PERMITTIVITY
MATERIALS

In certain cases (for example, when the sensor contains a high permittivity fluid such as water), it
may be necessary to use a modified sensitivity matrix rather than the standard matrix. This will be
necessary when sensors with electrodes outside the wall of the vessd are used to image high
permittivity materials. This is because an undesirable effect occurs when the fluid to be imaged
has a relative permittivity exceeding a value around 10. This occurs for example when water
(permittivity = 80) is the fluid to be imaged. The effect is to cause the capacitance measured
between adjacent electrodes to decrease rather than to increase when the higher permittivity material
IS present. This problem can also occur with lower permittivity materials for sensors with thick
walls

One solution to this problem is to ignore the capacitances measured between all pairs of adjacent

electrodes. This can be achieved by modifying the sensitivity map so that the sensitivity coeficients
for adjacent dectrodes §i-(i+1)] are set to zero. .
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10.7 PTL STANDARD GENERIC SENSITIVITY MAPS

In principle, a unique sensitivity map should be calculated for each individua ECT sensor. In
practice, good results are obtained using standard generic maps for particular sensor geometries.
Two sets of standard generic sensitivity map files for circular sensors are provided for use with the
PTL ECT systems. The standar d senditivity maps are suitable for imaging most materids having a
relative permittivity less than 10 (but not water). The Water sensitivity maps are modified versions
of the standard maps with the coefficients for adjacent electrodes set to zero. These modified maps
give improved images for high permittivity materias such as water.

10.8 CALCULATION OF CUSTOM SENSITIVITY MATRICES
Sensitivity matrices for specific circular sensors can be caculated usng custom PTL Makemap

software which is now supplied with each ECT system. Further information about the use of this
software can be found in Volume 4 of the Operating Manual.
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11 CALCULATION OF PERMITTIVITY IMAGES

Once the sengitivity map of the sensor is known, sets of captured capacitance data can be converted
into permittivity distribution images using a suitable image reconstuction algorithm. The simplest
algorithm, the LBP algorithm, has aready been described in chapter 9 and images are obtained
directly using equation 9.3. Some sample ECT permittivity images are shown below.

11.1 SAMPLE ECT IMAGES

Figure11.1.1 ECT Imagesfor afluidised bed

Figure 11.1.1 shows two image at closely-spaced measurement planes for a vertical fluidised bed.
The first frame shows an area of low fliuid concentration while the second image shows an area of
high concentration.

Figure11.1.2 ECT image of a cylindical dielectric rod

Figure 11.1.2 shows atypical ECT image for acircular dielectric rod.
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11.2 IMAGE RESOLUTION

The resolution of an ECT permittivity image is ultimately limited by the number of independent
inter-electrode capacitance measurements that are available to the image reconstruction algorithm.
The relationship between image resolution and the number of capacitance measurements can be
considered to be an example of spatia filtering, as shown in figure 11.2.1 below.

Figure 11.2.1 Resolution limitsimposed by spatial filtering.

In this figure, the upper line represents relationship between the image resolution that would be
achieved using a "perfect” image reconstruction algorithm for a given number of avalable
capacitance measurements. The lower line shows the same relationship for a less-effective
algorithm, as any real algorithm will be less effective than the hypothetical perfect algorithm.

The upper resolution limit for a perfect algorithm is difficult to define mathematically, but a simple
engineering estimate can be made by assuming that the number of independent measurements M
corresponds to a similar number of discrete regions inside the sensor. If we assume that the angular
resolution is equal to the number of electrodes E, then the radia resolution will equal (M / E). For
protocol 1 and a 12 electrode sensor, this gives aradial resolution limit of 5.5. For protocol 2 and 24
electrodes, thisfigure increasesto 10.5.

The LBP agorithm is an example of an imperfect algorithm because, adthough the forward
transform (the sengitivity matrix) can be reasonably accurate, the inverse transform used in this
algorithm is relatively inaccurate. Consequently, the quality of image obtained using the LBP
algorithm is relatively poor. Fortunately, these LBP images can be improved, either by further
image processing or by the use of more sophisticated agorithms.

An explanation of how the LBP algorithm worksis given in Appendix 1.
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12 VOIDAGE CALCULATION
12.1 NOTE ON ABSOLUTE AND RELATIVE VOIDAGES

We define voidage to be the percentage of the higher permittivity material inside the sensor
when the sensor contains a mixture of 2 dielectric materials. Other terms which have the same
meaning as voidage in this contect are "Concentration” and " Volume Ratio". Voidage can refer
to the total contents of the sensor (the overal voidage), or to anindividual pixe or groups of pixels.

All voidage vaues obtained from PTL ECT systems are based on the assumption that the voidage
IS 100% when the sensor is filled with the higher permittivity material and is zero when the
sensor is filled with the lower permittivity material. Consequently, the voidage values obtained
from an ECT system are Relative Voidages.

If the two materials used for calibration are liquids, then the voidages obtained from the ECT
system will correspond nominaly to the actual absolute voidages.

However, in many cases, one of the reference materias (the lower permittivity materia) will be air.
Air has a dielectric constant (relative permittivity) of 1, which is, by definition, the lowest possible
value of dielectric constant which can exist for any real materia. If the second reference material
isin granular or powder form, the upper calibration point will be formed by a mixture of air
and thegranular material.

Thiswill result in alower permittivity for the upper calibration point than would be obtained by
simply assuming the relative permittivity of the dielectric materia in its solid form. For example for
amixture of glass beads and air, the measured permittivity of the mixture is around 3, whereas the
permittivity of solid glassis approximately 6.
In this case, the absolute voidage for both the individual pixels and the sensor as a whole is
obtained by multiplying the indicated relative voidage by the actual voidage a the upper
calibration point.
For example, if the indicated relative voidage of a pixe is p and the absolute voidage when the
sensor is full of the higher permittivity material is f, then the absolute voidage of the pixd, VR,
will be given by:

VR = p.f (12.1)
It should be noted that the per mittivity or volume ratio distribution can only be obtained from the
inter-electr ode capacitance measurementsiif:
1. There are no more than 2 materials present inside the sensor.

2. The sensor has been correctly calibrated using these two materias.
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122 CALCULATION OF VOIDAGE OF SENSOR CONTENTS

Having obtained the permittivity distribution across the sensor, the next step is to derive the
overall volumeratio (voidage), of the mixture of the two dielectric materials inside the sensor, and
aso the distribution of this voidage across the sensor. The overall voidage can be obtained either
from the measur ements of the normalised capacitances between the sensor electrodes or from the
permittivity distribution of the mixture, derived from these measurements. The voidage
distribution can only be obtained from the per mittivity distribution.

1221 CALCULATION OF OVERALL VOIDAGE

In principle, the overall voidage of the contents of the ECT sensor can be calculated from either the
normalised pixel values in the reconstructed ECT image or from the normalised capacitance
measur ementsdirectly.

In the case of calculation from image pixels, thisis done by summing the values of theindividual
pixels in the ECT image for the required image frame and dividing this figure by the number of
pixels.

Putting thisin mathematical terms,
N

VR = (UN) S K(i) (12.2.1)
i=1

where VR isthe voidage, N is the total number of pixels and K(i) is the normalised permittivity of
theith pixel.

In the case of caculaion from the normalised inter-electrode capacitances, the voidage is
obtained by summing all of the normalised capacitance values for one image frame and
dividing these by the number of capacitance measurements. Again, putting this in mathematical
terms,

M

VR =(UM) S c(m) (12.2.2)
m=1

where M is the total number of eectrode-pair measurements and Cy, are the individua electrode-
pair normalised capacitances.

There are a number of possible methods which can be used to calculate the voidage and the choice
of the optimum method depends on the el ectrical model used to describe the physical distribution of
the two materias inside the sensor. For some applications, such as liquid or dense-phase mixtures, a
simple parallel capacitance mode can be used to obtain the voidage distribution directly from
the permittivity distribution of the mixture. In this case, the voidage is numerically equd to the
normalised pixd values.
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12.3 CORRECTION FOR SENSOR CONCENTRATION/PERMITTIVITY MODELS

The equations in paragraph 12.2 are based on the assumption that the voidage is directly
proportiona to the normaised permittivity inside the sensor. This assumption may be valid under
some circumstances and invalid in others. Thisisexplored in detail in this chapter.

There are a number of possible methods which can be used to calculate the voidage of a 2-phase
dielectric mixture and the choice of the optimum method depends on the eectricad model used to
describe the physical distribution of the two materials inside the sensor. For some applications, such
as liquid or dense-phase mixtures, a smple parallel capacitance model can be used to obtain the
voidage distribution directly from the permittivity distribution of the mixture. However, in other
applications, such as fluidised beds with high levels of fluidisation, the use of a model based on
capacitancesin series produces better accuracy and sengtivity.

A further model which combines the paralel and series models and which was developed by
Maxwell in the 19th century is a useful compromise in many practical applications. The need for
these sensor models is discussed in this chapter. The reason why these models are needed can be
understood by considering the case of simple parallel plate capacitance cell containing two different
dielectric materials as discussed in paragraph 12.4.

124 EFFECTIVE PERMITTIVITY OF A MIXTURE OF TWO DIELECTRIC
MATERIALS

Permittivity images are calculated from the normalised capacitances using equation 9.3. However,
before this is carried out, a sensor capacitance/permittivity model must be chosen and the
normalised capacitances modified according to this modd.

At first sght it is not obvious why different sensor models are needed. However a quick study of
figure 12.4.1 gives an insight into the problem. We have shown a parallel plate capacitor (or
capacitance cell) consisting of 2 horizontal eectrodes 1 and 2. The first figure () shows the cell
empty (filled with air, k= 1) and the second figure (b) shows the cell filled with amaterial of relative
permittivity k.

Figures ¢ and d show the cell haf-filled with the dielectric materia but with 2 very different
distributions of the didlectric sample.

Figure12.4.1 Capacitance/per mittivity distribution models
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If we assume that we can treat these cells as perfect parald plate capacitors, we will measure the
following values of relative capacitance for cellsato d:

a (empty) 1

b: (full) k

c: (half-full horizontally) 2k/(k + 1), (series model, capacitance increases non-linearly with
k)

d: (haf-full verticaly) (1+k)/2 (paraldl modd, capacitance increases linearly with k)

When the cdl is filled with the dielectric material, the capacitance increases by a factor of k.
However, when the cdl is partidly-full, the way the capacitance increases depends on the
distribution of the dielectric material inside the sensor.

Where the distribution is layered verticaly, as shown in figure d, the capacitance of the cell
increases linearly with the proportion of dielectric material present. The effect is to create 2
elementd capacitances which are in paralel with each other. The capacitance of 2 parald
capacitorsisfound simply by adding up the 2 individual capacitances. That is:

C=Cl+C2 (12.4.1)

However, if the distribution is layered horizontaly, as shown in figure ¢, The capacitance increases
in a non-linear manner. There are now effectively 2 capacitors in series formed by the air and
dielectric regions. The capacitance of 2 capacitorsin seriesisfound by the reciproca ruleie:

1/C =1/C1 + 1/C2 (12.4.2)

Hence we have 2 fundamentally different methods of calculating how the capacitances will increase
when the sensor is haf-filled with a didectric material. We refer to these 2 models as the paralld
and series capacitance models.

It isworth noting that, at the end points (where the sensor is either empty or full), both methods give
the same values (0 and 1) for the normalised capacitances. However, whereas the paralle model
gives a straight line relationship between these 2 points, which means that in this case, the
concentration is linearly related to the capacitances, the series model gives a series of non-linear
curves, depending on the permittivity of the dielectric material in the sensor.

125 SERIESMODEL CORRECTION

Whereas for the pardld mode, there is a straight-line relationship betyween the measured
capacitances and the voidage, the results obtained using the series model are shown in figure 12.5.1
for arange of permittivities K. The graph plots the indicated voidage (cal culated from the measured
capacitances) against the actual voidage (calculated on the basis of the proportion of dielectric
material present insde the sensor). The deviation from a linear relationship increases with the
permittivity of the materid in the sensor.
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SERIES MODEL CORRECTION OF VOIDAGE
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Figure125.1
The effect of this relationship is that the voidages calculated using the smple linear (paralld) modd
will aways under-estimate the true voidage if the materia distribution effectively forms layers in
series between pairs of ectrodes.

This problem can be corrected by modifying the measured normalised capacitances by a correction
factor defined in equation 12.5.1 below:

Cr2 = Cn.(Kn/Ky/ (14 Cy(1- Ki/Kp)) (125.1)
Where C,,; is the corrected normalised capacitance, C, is the measured normalised capacitance and
K. and Ky are the relative permittivities of the 2 materiasin the sensor
The parallel capacitance model tends to be valid for densely packed materias, such as liquids, or
powdered/granular materias in dense-phase processes. In this case, ho modification of the

measured capacitancesisrequired and K isset to 1.

However, where the concentration values are low, as is the situation in lean-phase conveying or
particles, the series model must be used to obtain accurate voidage val ues.
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12.6. OTHER PERMITTIVITY MODELS

There are a number of other models which can be used to calculate the relationship between the
voidage and the effective permittivity of the materia inside the sensor.

12.6.1 Maxwell M odel

This model is a compromise between the series and parald models. It yields a dightly different
correction factor which, in practice is applicable to mixtures of two materials where both the
parallel and series models apply in diffferent regions of the mixture.

Crz = Ken(2 + K)/(3 + Cp(k - 1) (12.6.1)

wherek =Ky /K,

12.7 GENERIC (EMWS) CONCENTRATION-PERMITTIVITY MODEL

Recent work has shown that al of these permitivity models are specid cases of a generd
relationship defined by equation 12.7.1. This equation is known as the Extended Maxwell-Wagner-
Sillars (EMWS) concentration/permittivity model which contains an extra shape parameter N.
Equation 12.7.1 requires the value of the EMWS parameter N to be specified, together with the
permittivities of the two materialsin the mixture (K1 and K2).

Xm = (Km - K1).[K2 + Ki.(N-D] /[ Ki.N.(K2- Kyq) + (Ke - Kq).(K2- Kq)]  (12.7.1)
Note that XM isthe concentration, K1 =1 for air and N = 1 corresponds to the series model, N=3 =
Maxwel and N = infinity gives the parallel model. Xy, is the absolute (solids) concentration, where
0 <Xy < 1and K3 isthe permittivity of the solid material.
The N-value is typicaly between 3 and 10, where 3 is theoretically correct for spherica particles.
The larger values of N are valid for ellipsoids with their long axis paralle to the electric field (ie

norma to the electrodes), while smaller values than 3 are valid for elipsoida particles with their
long axes normal to the eectric field (ie pardld to the e ectrodes).

Figure12.6.1 Particleshapesfor N = 3, infinity and 1 (Ieft to right)

Figure 12.6.2 plots equation 12.7.1 for arange of N values.
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Figure 12.6.2 Concentration/per mittivity plotsfor arange of N values.

Note that for typical flow concentrations (< 10%), the concentration/permittivity characteristics are
approximately linear, as shown in figure 12.6.3.

@ N=1(SERIES)

B N=3 (MAXWELL)
N=1000 (PARALLEL)

*N=2

® N=10

CONCENTRATION %

Figure 12.6.3 Replotted for 0-10% concentration
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Note a0 that thereis awide range of gradientsfor different values of N and this has amajor effect
on the results of the concentration calculation.

The following values have been read off the previous dide and show how the normalised
permittivity Ken varies with N for a mixture concentration X of 0.1 (10%).

X N Ken
01 1 0.018
01 2 0.03
01 3 0.04
01 10 0.07
01 1000 0.1

In practice, it is necessary to use empirica means, based on experiments, to determine the
appropriate value of N to use when calculating the mixture concentration from the permittivity
image val ues.
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13ANITERATIVE METHOD FOR IMPROVING IMAGE QUALITY
13.1 Details of the Iterative algorithm

The method normaly used to obtain ECT images from capacitance measurements is the Linear
Back-Projection (LBP) algorithm, which produces relatively low-accuracy images. This chapter
describes a method for improving the accuracy of LBP images using a simple iterative image
computation method. This information is provided by Process Tomography Ltd. to encourage
users of ECT systems to experiment with this technique. There are many possible ways in which
this method can be developed and improved and we welcome feedback from customers with
suggestions for how this technique can be further optimised.

The iterative image reconstruction method is based on the use of equations 9.1 and 9.3. Theideais
to use these two equations alternately to correct the sets of capacitance and pixel valuesin turn and
hence produce a more accurate image from the capacitance measurements. The details are as
follows:

1. Measure aset of (typically 66) normalised capacitances C; for oneimage frame.

2. Correct the set of normalised measured capacitances C; using the seriesmodel correction formula
(or some other correction formula, see paragraphs 12.6/7).

3. Caculate the set of (typicallyl024) pixe permittivities K, corresponding to C; using equation
(9.9)ie

K;=S'.C: (13.1)

Note that the matrix S' must be normalised asfollows: As K isaset of 1024 pixelsand C; isa
set of (eg 66) capacitance readings, then S' must be normalised by dividing each of the eements
(permittivity coefficients) in ST which contribute to each specific pixel valuein K 1 by the sum of all
of thevalues of permittivity coefficientsin S™ which contribute to the specific pixel location (a
sum of eg 66 permittivity coefficients).

4. Truncate theindividua pixe vauesk so that they liewithin therange O < k < 1 and save and
display theimage.

5. Use these new values of permittivity to back-cal culate a new set of inter-electrode capacitances
C, using equation (9.1) ie:

C,=S K; (13.2)
Note that in this case, the matrix S must be normalised asfollows. AsC, isaset of eg 66 inter-
el ectrode capacitance measurements and K ; isaset of 1024 pixel values, then S must be
normalised by dividing each of the elements (capacitance coefficients) in S which contribute to each
specific inter-electrode capacitance measurement by the sum of al of the capacitance coefficientsin
Swhich contribute to this capacitance measurement (a sum of 1024 capacitance coefficients).
6. Calculate a set of error capacitances DC where:

DC = (Cz- Cl) (133)
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7. Truncate DC to limit the maximum values of DC so that they lie within the range

(-0.05 < DC < 0.05) or some other pre-defined limits. Thisis necessary to prevent the feedback loop
from becoming unstable.

8. Multiply DC by again factor (typicaly 1.5) whichis determined by empirical means.

9. Use equation (13.1) and the error capacitances DC to calculate a set of error pixel valuesDK. ie

DK =S'.DC (13.4)

10. Usethe set of error pixelsto generate anew set of pixd vaues K, where:

K2=(Ky -DK) (13.5)

11. Truncate these pixel vauesto lie within therange 0 < k < 1 and save and display the image.
12. Repesat steps 5to 11 using the new set of K values K (instead of K ;) in equation (13.2). In

equation 13.3, generate the error capacitances by subtracting the original measured capacitances
from the current set.

11. Repesat step 12 asmany times as necessary to obtain an accurate image.

13.2 CORRECTION OF MEASURED CAPACITANCESFOR SERIESMODEL

If the measured va ues of normalised capacitance are Cn, then anew set of normalised capacitances
Cn(new) should be calculated where Cn(new) are given by:

Cn(new) =R .Cn/(1+Cn.(R - 1))

where R istheratio of the permittivities (>1) of the two materias used for calibration.
13.3 CORRECTION OF MEASURED CAPACITANCES FOR MAXWELL MODEL

If the measured va ues of normalised capacitance are Cn, then anew set of normalised capacitances
Cn(new) should be calculated where Cn(new) are given by:

Cn(new) = Cn.(2+R)/(3+Cn.(R- 1))

where R istheratio of the permittivities (>1) of the two materias used for calibration.
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Anillustration of the image improvement which can be obtained is shown in the following figure
13.1. Theimage datais for a60mm OD plexiglass tube with 5mm walls, placed approximately
centrally inside an 8 electrode ECT sensor having an internal diameter of 1700mm. The figure shows
the improvements in the image as the number of iterationsis steadily increased.

Figure13.1
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14. IMAGE RECONSTRUCTION ACCURACY TESTS

Tests were carried out using a 12-electrode sensor with internal electrodes to determine the
accuracy of image reconstruction based on the calculation of voidage. Tests were carried out
using sensitivity matrices calculated using the PTL Makemap software, the iterative algorithm
and a range of permittivity models The detailed results are shown in this chapter but can be
summarised as follows:

For the case of a dielectric rod in ar (ie a higher permittivity object inside a lower
per mittivity space) the series permittivity model gives the most accurate values of voidage
when the permittivity ratio of the materials used for sensor calibration is used.

For the case of a cylindrical void containing air inside a sensor filled with glass beads (ie a lower
per mittivity object inside a higher permittivity space) the Maxwell permittivity model gives
the most accurate values of voidage when the permittivity ratio of the materials used for sensor
calibration is used.

Details of the individua tests are given in paragraphs 14.1 and 14.2.

14.1 PLASTIC ROD CONTAINING GLASSBEADSIN AIR

The following results were obtained by calibrating a 12-electrode sensor, of internal diameter
128mm, with air and glass beads (effective K = 3). A thin plastic tube of external diameter
40mm filled with glass beads was then introduced into the sensor. The true voidage is (40/128)"2
= 9.8%.

Figure14.1.1 Parallel modd, (K = 1), N=100, VR = 4.4%
Figure 14.1.1 shows the image obtained using the parallel permittivity model for 100 iterations

and a permittivity ratio of 1. The voidage (VR) obtained is 4.8%, which isless than the known vaue
(9.8%).

V1-4-26



Figure 14.1.2 Seriesmodel, K =2, N=100, VR = 8.0%

Figure 14.1.2 shows the same data but this time using the series model for a permittivity ratio of
2. Thevoidage (VR) has increased but is still less than the known value.

Figure14.1.3 Seriesmodel, K =3, N=100, VR = 10.9%

Figure 14.1.3 shows the same data but this time for the correct permittivity ratio of 3. The
calculated voidage (VR) is 10.9% and now exceeds the known vaue. If the Maxwell model is
used to construct the image, the VR is found to be 7.05% using the same data as used in figure
14.1.3.
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142 CYLINDRICAL AIR VOID INSIDE GLASSBEADS

For a second set of tests, the sensor was filled with glass beads and the same plastic tube, this
time empty, was inserted inside the sensor. The known voidage is 90.2%.

Figure 14.2.1 Parallel modd, (K = 1), N=100, VR = 86.4%

Figure 14.2.1 shows the image constructed using the parallel permittivity model (K =1). The
calculated voidage (86.4%) is lower than the known voidage (90.2%).

Figure14.2.2 Seriesmodel, K =2, N=100, VR = 92.2%

Figure 14.2.2 shows the same data calculated using the series model and a permittivity ratio of
2. The calculated voidage now exceeds the known voidage.
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Figure14.2.3 Seriesmodel, K =3, N=100, VR = 94.6%

Figure 14.2.3 shows the results recalculated for the correct permittivtiy ratio of 3. The results
show an even higher voidage (94.6%).

Figure14.2.4 Maxwel model, K =3, N=100, VR =91.1%

For comparison, figure 14.2.4 shows the same data recalculated using the Maxwell permittivity
model. The results are now close to the true voidage.
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15. GENERATION OF ENHANCED IMAGESWITHOUT ITERATION

It is possible to calculate enhanced inverse transforms (tranformation matrices) which give
better quality images than those produced by LBP, (which uses the simple transpose of the
sensitivity matrix as the inverse transform).

A number of different transformation matrices can be used, but two methods which give useful
improvements over back-projection are based on methods originally described by Tikhonov and
Landweber. In principle, the Landweber method should give similar results to the iterative
algorithm when pixel truncation is disabled. Both the L andweber and Tikhonov transformation
matrices can be obtained from the senstivity matrix for the sensor. This process is termed
regularisation by Mathematicians.

15.1 The Tikhonov Transform

We are indebted to Dr Andrew Reader of UMIST (DIAYS) for the following explanation of the
Tikhonov transform:

In the L BP method, the forward and inverse transforms are defined by the two matrix equations:
C=SK (15.2)

K=S'C (15.2)
where:

Sis the sensor sensitivity matrix, S' is the transpose sensitivity matrix and the forward transform
(equation 15.1) is assumed to be accurate, but the inver se transform (equation 15.2) is known to
be inaccurate.

Let K be the actua (physical) permittivity distribution and Kgp be the (erroneous) distribution
calculated from the capacitance measurements C using equation (15.2).

Then Kep = s'.Cc (15.3)

Substituting for C using equation 15.2 we obtain:

Kgp S'.SK (15.4)

Kgp. (S'.9)* (15.5)

Hence K

and substituting for K gp from equation (15.4) we obtain:

K = s'.c.(s'9? (15.6)
giving K = S'.C (15.7)
s'.s
That is, the true permittivity distribution K is obtained by using the inverse transform
s’ instead of the simple transpose matrix S'.
s'.s
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However, the matrix S'.S has squared sensitivity coefficients along its primary diagona and if these
coefficients are small, their squared values will be very small. There is a clear danger that dividing
the matrix ST by this denominator matrix S™.S will result in some divisions by very small numbers
or even by zero. To prevent this from happening, the Tikhonov transform introduces an additional
congtant term t to the diagonal elements of the denominator matrix by adding a further scaed
identity matrix t.I to the denominator.

That is equation (15.7) becomes:

K = s'.c (15.8)
S'.S+tl

where t is ascalar constant (the Tikhonov constant) and | is the identity matrix (a matrix with ones
along the primary diagona and zeroes elsewhere).

As can be seen, equation 15.8 is similar to the LBP inverse transform except that the transpose
matrix S'is replaced by the new transform QT where:

Q' = S'.C (15.9)
S' S+t

Thistransform is readily computed from the sensor sensitivity matrix.

The Tikhonov transform can also be written in the dternative from shown in equation 15.10 bel ow:

Qr=S".(S.S +t.1)* (15.10)

In physical terms, what the Tikhonov transform does is correct the effect of the erroneous matrix ST
(which causes low-pass spatid filtering of the permittivity distribution, removing al of the fine
detail) by the use of acomplementary transform (which has the effect of passing the data through an
amplified high-pass filter). However, there is alimit to how much gain can be used without smply
amplifying the noise in the low-pass-filtered capacitance measurements. The identity matrix and
scaling factor effectively limit the gain which is applied to the correcting transform. Larger values
of t will have alarge moderating effect while small vaues of t will have minimal effect. The choice
of t is therefore critical to avoid spurious artefacts in the reconstructed image. Typica safe values
for T arein the range 0.1 to 100. Low values of T yield very noisy higher-definition images, while
higher values of T produce images similar to those produced by LBP.

To use the Tikhonov transform, all that is required is to replace the inverse transform used in the
inverse problem equation (the transpose sensitivity matrix) by the Tikhonov transform.
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15.2 The Landweber Transform

The transformation matrix Q. used in Landweber’s method can be derived from the sensor
sengtivity matrix S by defining atransform parameter L and an iteration parameter N (which
defines the number of iterations).

Q. isdefined in equation 7.1 as follows:

Qu=V.F(W,t,N). U (15.13)
where:

V, W and U are the matrices obtained by applying the Single Value Decomposition (SVD) process
to the sengitivity matrix S. This operation produces a diagona matrix W of the same dimensions as
S, and unitary matricesU andV, sothat S=U.W . V..

F isthe SVD filter function matrix defined in equation 7.2.

f=(@-(1-t.w)V)/w (15.14)
where:

f isone element of thefilter matrix F

w is one element of the diagona matrix W

tisa relaxation parameter (referred to in the main text as the Landweber transform parameter L).

N isthe number of iterations.

Typica safe values for L are in the range 0.01 to 0.0001. Experience shows that high values of L
(0.01) can give rise to spurious artefacts around the edges of the image, while low values of L
appear to give results smilar to those obtained using the simple LBP algorithm. Typical practica

values for the number of iterations N are in the range 10 to 100.

To use the Landweber transform, all that is required is to replace the inverse transform used in the
inverse problem equation (the transpose sensitivity matrix) by the Landweber transform.
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V1-5. FREQUENTLY ASKED QUESTIONSABOUT ECT

In this section, we have listed some of the most commonly-asked questions about ECT together
with the answers.
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FAQ1ECT TECHNOLOGY

Q1 What isECT?

Q2 What materials can be imaged?

Q3 What other information can be obtained using ECT?

Q4 Where can | find out more information about ECT?

Q5 What is needed to carry out an ECT measurement?

Q6 How is the measurement equipment connected to the sensor?
Q7 Can ECT be used with vessdls of any cross-section?

Q8 What image resolution is achievable?

Q9 What image frame rates can be achieved?

Q1 What isECT?

Electricad Capacitance Tomography (ECT) is a measurement technique which alows
information about the spatial distribution of a mixture of dielectric materialsinside avessd to be
obtained by measuring the electrical capacitances between sets of electrodes placed around its
periphery and converting these measurements into an image showing the distribution of
permittivity and/or concentration.

Q2 What materials can be imaged?

ECT can be used with non-conducting materials such as plastics, hydrocarbons, sand or glass and
is often used with mixtures of two different dielectric materias, as the permittivity distribution is
related to the concentration distribution in this case.

We are often asked whether it is possible to use ECT with water. There are two basic difficulties
when using water. The first arises because athough pure water is an insulator, only small
amounts of impurities present in the water cause it to become conducting. The second problem
results from the very high relative permittivity (80) of water, which causes mgjor distortion of the
electric field, lines inside the capacitance sensor. To summarise, special precautions must be
observed if ECT isto be used successfully with water.

Q3 What other information can be obtained using ECT?

Where the mixture is flowing along the vessel, measurements of the concentration distributions
at two separate axia planes allow the velocity profile and the overal flow rate of the fluid to be
found.

Q4 Where can | find out more information about ECT?

Background information on ECT can be found in papers by Huang (1989), Reinecke (1996),
Loser (2001) and Byars (2001). Full details of these papers are given below.

Huang SM. et d., (1989), Tomographic imaging of two-component flow using capacitance
sensors, J. Phys. E: Sci. Instrum. 22, pp 173-177.

Reinecke N. and Mewes D., (1996), Recent Developments and industrial/research applications of
capacitance tomography, Meas. Sci. Technol. 7 pp 233-246
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Loser T., Wgman R. and Mewes D., (2001), New Reconstruction Algorithm for Electrical
Capacitance Tomography, Proceedings of the 2nd World Congress on Industria Process
Tomography, Hannover, Germany, pp 20-28.

Byars M., (2001), Developments in Electrical Capacitance Tomography, Proceedings of the 2nd
World Congress on Industrial Process Tomography, Hannover, Germany, pp 542-549.

Q5 What equipment is needed to carry out an ECT measurement?

An ECT system consists of a capacitance sensor, capacitance measurement circuitry and a
control computer, together with some suitable control software.

Q6 How is the measurement equipment connected to the sensor?

For imaging a single vessel type with a fixed cross-section and with a fixed eectrode
configuration, the measurement circuitry can be integrated into the sensor and the measurement
circuits can be connected directly to the sensor eectrodes. This simplifies the measurement of
inter-electrode capacitances and is potentially a good design solution for standardised industrial
sensors. However, most current applications for ECT are in the research sector, where it is
preferable to have a standard capacitance measuring unit which can be used with awide range of
sensors. In this case, screened cables connect the sensor to the measurement circuitry.

Q7 Can ECT be used with vessdls of any cross-section?

Y es, but most work to-date has used circular geometries.

Q8 What image resolution is achievable?

The image resolution achievable depends on the number of independent capacitance
measurements, but is generally low. To afirst approximation, the angular resolution is equd to
the number of electrodes located around the sensor periphery and the radia resolution is equd to
the number of independent measurements divided by the angular resolution.

For example, for a 12-electrode sensor, the angular resolution will be around 30 degrees. As
there are 66 possible independent capacitance measurements, the radial resolution will be around
20% of the sensor radius, or 10% of its diameter.

Q9 What image frame rates can be achieved?

Images can be generated at high frame rates depending on the number of eectrodes on the

sensor. For example 2500fps is achievable using a 16-electrode sensor, increasing to
approximately 5000 fps for an 8-electrode sensor.
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FAQ2 APPLICATIONS

Q1 What are sometypical applications of ECT?
Q2 Where can | view information about these?

Q1 What are sometypical applications of ECT?

Successful applications of ECT include imaging 2-phase liquid/gas mixtures in oil pipelines and
solids/gas mixtures in fluidised beds and pneumatic conveying systems.

Q2 Where can | view information about these applications?

Details of some applications are given on the PTL web site www.tomography.com.

FAQ3 CAPACITANCE MEASUREMENT

Q1 What is special about the capacitance measurement circuitry needed for ECT?

Q2 What arethe limits on capacitance measurement?

Q3 What aretypical inter-electrode capacitance values?

Q4 What deter mines the sequence of capacitance measurements?

Q5 Are the capacitance measuremements made simultaneoudy?

Q6 What is the simplest capacitance measurement protocol ?

Q7 What other capacitance measurement protocols are possible?

Q8 What are the advantages in using more complex capacitance measurement protocol s?

Q9 Is there a linear relationship between the permittivity of the contents of the sensor and the
measured capacitances?

Q1 What is special about the capacitance measurement circuitry needed for ECT?

The capacitance measuring system must be able to measure very smal inter-electrode
capacitances, of the order of 10"-15 Farads (1 fF), in the presence of much larger capacitances to
earth of the order of 200,000 fF (mainly due to the screened connecting cables).

The capacitance measurement technique used in PTL equipment is based on the use of an
excitation signa in the form of a square waveform with a frequency in the range 1 to 10 MHz.
The excitation signd is gpplied to one dectrode (the SOURCE el ectrode) and the currents which
flow into the remaining (DETECTOR) e ectrodes (which are held at virtua ground potential) are
measured using a synchronous demodulator. These measured currents are proportiona to the
capacitance between the SOURCE dectrode and the DETECTOR el ectrodes.
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Q2 What arethe limits on capacitance measurement?

With the current state of capacitance measurement technology, it is possible to measure
capacitance changes between 2 unearthed electrodes of 0.01 fF in the presence of stray
capacitance to earth of 200pF at arate of 40,000 measurements per second. This sets a practica
lower design limit on the smllest capacitance between any pair of eectrodes of around 5fF.
Sensors with inter-electrode capacitances lower than 5fF will usualy produce very noisy and
unstable images.

Q3 What aretypical inter-electrode capacitance values?

The capacitance values when the sensor contains air are referred to as "standing capacitances'.
Sequential eectrodes (adjacent electrodes), have the largest standing capacitances (values for a
typical sensor are around 200-500fF), while diagonally opposing el ectrodes (opposite el ectrodes)
have the smallest capacitances (typically 10-20 fF).

Q4 What deter mines the sequence of capacitance measurements?

Many different ECT measurement protocols are possible (see eg Relnecke, 1994), as
capacitances can be measured between many combinations of groups of electrodes (which
effectively become new "virtual electrodes’).

Q5 Are the capacitance measurements made simultaneoudy?

In some ECT systems, measurements for a single frame of data are made sequentialy.
Consequently, the capacitance data within the frame will be collected at different times and there
will be some skewing of the data. Interpolation techniques can be used to de-skew this data if
this effect islikely to produce significant errors.

Q6 What isthe simplest capacitance measurement protocol ?

Most work to-date with circular vessels has used the ssimplest arrangement (which we refer to as
protocol 1) where capacitances are measured between single pairs of eectrodes. The
measurement sequence for protocol 1 involves applying an alternating voltage from a low-
impedance supply to one (source) eectrode. The remaining (detector) electrodes are al held at
zexo (virtua ground) potential and the currents which flow into these detector electrodes (and
which are proportional to the inter-electrode capacitances) are measured. A second electrode is
then selected as the source electrode and the sequence is repeated until al possible electrode pair
capacitances have been measured. This generates M independent inter-electrode capacitance
measurements, where:

M = E.(E - 1)/2

and E is the number of electrodes located around the circumference. For example for E = 12, M
= 66. .
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Q7 What other capacitance measurement protocols are possible?

Other possible protocols involve grouping eectrodes and exciting them in pairs (protocol 2) and
triplets (protocol 3) etc. The formula for the number of independent measurements for grouped
electrodesis:

M = (E).(E - (2P- 1))/ 2

where P (the protocol number) isthe number of eectrodes which are grouped together.

Q8 What are the advantages in using more complex capacitance measurement protocol s?

In principle, the use of more complex protocols can generate a larger number of independent
measurements for a given electrode size and capacitance measurement sensitivity than the smple
single-pair protocol 1. Improved image resolution is therefore achievable, athough at the
expense of the maximum image frame rate, which fals as the protocol number or number of
electrodesincreases.

Q9 Is there a linear relationship between the permittivity of the contents of the sensor and the
measured capacitances?

For a sensor with interna electrodes, the components of capacitance due to the eectric field
inside the sensor will aways increase in proportion to the material permittivity when the sensor
is filled uniformly with higher permittivity materia. However for sensors with externa
electrodes, the permittivity of the wall causes non-linear changes in capacitance, which may
increase or decrease depending on the wall thickness and the permittivities of the sensor wall and
contents.

FAQ4 - CAPACITANCE SENSORSFOR ECT

Q1 Where are the e ectrodes | ocated?

Q2 What determines the choice of dectrode location?

Q3 How many e ectrodes are needed?

Q4 How arethe dectrodes identified ?

Q5 What limits the number and size of eectrodes?

Q6 Why are driven guard e ectrodes often needed?

Q7 What determines the minimum required total electrode lengths?
Q8 What arethe smallest practical sizesfor ECT electrodes?

Q9 How are dectrodes and sensors fabricated?

Q10 What does a typical ECT sensor electrode design look like?
Q11 How arethe eectrodes connected to the capacitance measurement circuitry?
Q12 What screening arrangements are required?

Q13 What are discharge resistors and why are they needed?

Q14 What sensors can be constructed using these techniques?
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Q1 Where are the e ectrodes | ocated?

If the vessel wall is non-conducting, the electrodes can be located inside the vessd wall,
embedded within the wall or located external to the wall. However, if the tube wall is a
conductor, the electrodes must be located inside the conducting wall and insulated from it.

Q2 What determines the choice of dectrode location?

If the vessel wall is non-conducting, internal, embedded or externa e ectrodes can be used. In
genera, ECT sensors with externa electrodes are easier to design and fabricate than sensors with
interna electrode sensors and they are also non-invasive, which gives ECT an important
advantage over many other imaging techniques. However, if the tube wall is dectricaly-
conducting (usually metallic), the electrodes must be located insde the wall.

Q3 How many electrodes are needed?

The number of sensor electrodes that can be used depends on the range of values of inter-
electrode capacitances and the upper and lower measurement limits of the capacitance
measurement circuit. Practical ECT sensors tend to have between 6 and 16 electrodes |located
around the periphery of the sensor.

Q4 How arethe e ectrodes identified?

The convention we use to identify electrodes is to number them anticlockwise, starting at the
electrode at or just before 3 o€lock, when viewing the sensor from the connector end, or the end
from which the coaxid |eads emerge.

Q5 What limits the number and size of eectrodes?

As the number of electrodes increases, the electrode surface area per unit axia length decreases
and the inter-electrode capacitances aso decrease. When the smallest of these capacitances (for
opposite electrodes), reaches the lowest value that can be measured reliably by the capacitance
circuitry, the number of eectrodes, and hence the image resolution, can only be increased further
by increasing the axia lengths of the electrodes. However, these lengths cannot be increased
indefinitely because the standing capacitances between pairs of adjacent eectrodes will aso
increase and the measurement circuitry will saturate or overload once the highest capacitance
measurement threshold is exceeded. See also Q7.

Q6 Why are driven guard e ectrodes often needed?

Axia resolution and overall measurement sengitivity can be improved by the use of driven axid
guard electrodes, located either sde of the measurement electrodes. These driven guard
electrodes are excited at the same electrica potentias as the associated measurement e ectrodes
and prevent the electric field from being diverted to earth at the ends of the measurement
electrodes. For large diameter vessals, axid guard electrodes are normaly an essentia
requirement to ensure that the capacitances between opposing el ectrodes are measurable.

V1-5-7



Q7 What determines the minimumrequired total eectrode lengths?

Simple dectric field simulations show that the sum of the lengths of the axia guard and the
measurement electrodes must equal or exceed the diameter of the sensor to ensure that the
electric fidld across the sensor is reasonably constant and is not diverted to earth in the
measurement region and that the capacitances between opposite electrodes remain measurable.
Sensor sengtivity can be further improved by increasing the electrode lengths up to twice the
sensor diameter, athough the axia resolution of the sensor will decrease.

Q8 What arethe smallest practical sizesfor ECT electrodes?

The capacitance measurement limit equates to measurement electrodes of minimum axia length
around 3.5cm for an 8 dectrode sensor or 5 cm for a 12 electrode sensor. These dimensions
assume that effective driven axial guards are used, as described in the response to Q7.

Q9 How are the dectrodes and sensor s fabricated?

The easiest method for constructing ECT electrodesis to use CAD drawing software to produce
a master drawing and to use this to fabricate the eectrode array from a flexible copper-coated
laminate using photolithographic and copper-etching techniques. The electrode foil is then
wrapped around the outside of an insulating tube to form the required sensor € ectrode array.

Q10 What does a typical ECT sensor electrode design look like?

Part of a design for an 8-electrode single plane sensor with driven axia guards is illustrated in
figure 7 in Appendix 2. This shows earthed screening tracks between the sets of electrodes (to
reduce the adjacent electrode capacitances) together with earthed areas at the ends of the sensor
(to allow the screens of the connecting cables to be terminated).

Q11 How arethe e ectrodes connected to the capacitance measurement circuitry?

The usua method is to us coaxia leads (with a maximum length of 2m to minimise capacitance
to ground) to connect the capacitance measurement circuitry to the eectrodes. Each eectrode
must be sceened individually, which means that one coaxia lead must be used for each
electrode.

Q12 What sensor screening arrangements are required?

An earthed screen must be located around the sensor to exclude any externa signas and to

prevent the signals applied to the source eectrodes from interfering with other eectronic
equipment in the vicinity.
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Q13 What are discharge resistors and why are they needed?

Discharge resistors (typically 1 MOhm) must be connected between each eectrode and the cable
screen to ensure that no static charge can build up on the eectrodes and connecting leads,
otherwise damage may occur when the sensor is connected to the capacitance measurement
circuit. The discharge resistors do not affect the capacitance measurement and must be connected
permanently to the sensor electrodes.

Q14 What types of sensors can be congtructed using these techniques?

These basic techniques can be used to construct either static or diding sensors with ether
interna or external electrodes. More complex fabrication techniques must be used to constuct
sensors suitable for operation at €l evated temperatures and pressures..

FAQS CALIBRATION AND NORMALISATION

Q1 Why are the capacitance measurements and pixel values converted to normalised values?
Q2 How are ECT sensors calibrated?

Q3 How are the capacitances normalised?

Q4 How arethe pixel permittivity values normalised?

Q1 Why are the capacitance measurements and pixel values converted to normalised values?

For most practica ECT sensors, thereis not asmple linear relationship between the capacitances
measured between the electrodes and the permittivity of the material inside the sensor. The
relatively large number of different measurements required and the fact that the relationship
between capacitance and permittivity may be different for each of these measurements, creates
potentia calibration and operating problems for ECT systems.

The method which is commonly used to overcome these problemsisto restrict the use of ECT to
the case where the sensor contains mixtures of two materials of differing permittivities and to
operate the ECT system between the range of permittivities of these two materials.

This is done by calibrating the sensor before any measurements are commenced and involves
first filling the sensor with the lower permittivity materia and measuring al of the inter-
el ectrode capacitances and then repeating this operation with the higher permittivity material. All
subesequent capacitance measurents are then referenced (or normalised) to the values measured
at calibration. For example, all of the capacitances have normaised values zero when the sensor
contains the lower permittivity materiad and one when the sensor is filled with the higher
permittivity materia. For al other conditions, the capacitances will have values which nominally
lie between these two measurement limits. The image pixel vaues are also normalised in a
similar manner so that they have the values zero and one when the sensor contains the lower and
higher permittivity materials respectively. Further details sabout normalisation and calibration
are given in subsequent FAQs (see below).
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Q2 How are ECT sensors calibrated?

When a mixture of 2 dielectric materids is to be imaged, ECT systems are normally calibrated
by measuring two reference sets of inter-electrode capacitances, CL and CH with the sensor
filled with the lower and higher permittivity materials in turn. These vaues are then used to
normalise the subequent capacitance measurements as described in the following FAQ.

Q3 How are the capacitances normalised?

Once the sensor has been cdlibrated, al subsequent capacitance values CM are normalised to
have values CN between zero (when the sensor isfilled with the lower permittivity material) and
1 (when filled with the higher permittivity material) by applying the formula:

CN=(CM - CL)/ (CH - CL)

Q4 How arethe pixel permittivity values normalised?

The pixel valuesin the permittivity image are normalised in asimilar way to the capacitances, so
that they have the value O when the sensor is filled with the lower permittivity material and 1
when the sensor isfilled with the higher permittivity material.

FAQG6 CONCENTRATION MODELS

Q1 How is the permittivity of a mixture of two materials related to the concentration of one of
the components of the mixture?

Q2 What isthe parallel capacitance model?

Q3 What isthe series capacitor model ?

Q4 What is the composite (Maxwell) capacitance model ?

Q1 How is the permittivity of a mixture of two materials related to the concentration of one of
the components of the mixture?

The relationship between the permittivity distribution and the capacitance measured between a
pair of electrodes must be considered carefully if accurate permittivity/concentration images are
to be obtained. There are a number of models which can be used to improve the accuracy of the
concentration measurement. It is very important to use the correct permittivity model
(pardld/seriedMaxwell etc) if accurate concentration values are to be obtained from the
permittivity image. Further information on capacitance/ permittivity models (including
Maxwell®method) is given in the paper by Yang and Byars (1999).
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Q2 What isthe parallel capacitance model?

If the two dielectric materials exist as discrete stratified permittivity layers between the two
electrodes, then two component capacitances, each due to one of the dielectric materials, and
effectively connected in paralel, will exist between the eectrodes. The sum of these
capacitances will therefore accurately reflect the relative proportions (or concentration) of the 2
materials present. In this case, the mixture concentration is found by assuming that the dielectric
materials combine to form two capacitancesin parallel.

Q3 What isthe series capacitor mode?

If the materials exist as aternating bands of permittivity between the e ectrodes, the capacitances
measured between the eectrodes will be constituted from component capacitances which are
effectively connected in series. In this case, the reciprocd rule for adding up capacitances in
series must be used to obtain the component permittivities and concentration from the measured
capacitances.

Q4 What isthe composite (Maxwell) capacitance model ?

If there is a combination of the two basic parallel and series material distributions, more complex
relationships, such as the method described by Maxwell, must be used to define the permittivity/
concentration/ capacitance relationships.

FAQ7 ECT IMAGE FORMAT

Q1 What isthe format of an ECT permittivity image?

Q2 Howisasguare grid used to represent a circular cross-section?
Q3 What image resolution can be achieved using ECT?

Q4 What errorsare present in ECT permittivity images?

Q1 What isthe format of an ECT permittivity image?

The permittivity distribution of a mixture of two fluids is often displayed as a series of
normalised pixels located on either a (32 x 32) or (64 x 64) sguare pixe grid, using an
appropriate colour scale to indicate the normalised pixel permittivity as shown, for example, in
the figure below. This uses a graduated blue/green/red colour scae, where pixel values
corresponding to the lower permittivity material used for caibration have the value zero and are
shown in blue, while pixels corresponding to the higher permittivity materia have the value 1
and are shown in red. The normalised permittivity distribution is related to the fractiona
concentration distribution of the higher permittivity material.
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Q2 Howisasguare grid used to represent a circular cross-section?

If the sensor cross-section is circular, this circular contour must be projected onto the square grid
containing typically 1024 pixels. Some of the pixelswill lie outside the vessdl circumference and
the image is therefore formed from those pixels that lie inside the vessel. A typica arrangement
which is commonly used constructs the image using 812 of the available 1024 pixels.

Q3 What image resolution can be achieved using ECT?

The resolution of an ECT permittivity image is limited by the number of independent
measurements that can be made and this relationship can be considered to be an example of
gpatia filtering, as shown in the figure below. The resolution limit is difficult to define
mathematically, but a simple engineering estimate can be made by assuming that the number of
independent measurements M corresponds to a similar number of discrete regions inside the
sensor. If we assume that the angular resolution is equal to the number of eectrodes E, then the
radial resolution will equal M/E. For protocol 1 and a 12 electrode sensor, this gives a radid
resolution limit of 5.5. For protocol 2 and 24 eectrodes, thisfigure increasesto 10.5.

Q4 What errorsare present in ECT permittivity images?

It is not possible to obtain a unique solution for each image pixel when the number of pixelsin
the image exceeds the number of capacitance measurements. Furthermore, image distortion can
occur because ECT is an inherently soft-field imaging method (the eectric field is distorted by
the material distribution inside the sensor).

FAQ8 OBTAINING A PERMITTIVITY IMAGE FROM THE CAPACITANCE
MEASUREMENTS (Basic | mage Reconstruction)

Q1 What are the main problems in obtaining a permittivity image from the capacitance
measur ements?

Q2 How are ECT images calculated in view of the limited number of available measurements
and the soft field?

Q3 What isthe most commonly used image recontruction method?

Q4 What isthe forward transform?

Q5 What isthe inverse transform?

Q6 So what isthe problemin finding a suitable inver se transform?

Q7 What isthejustification for using the transpose of the sensitivity matrix asthe inverse
transformin the LBP algorithm?

What are the characteristics of the LBP algorithm?

Q9 How isthe sensor sengitivity matrix obtai ned?

Q10 What are sengitivity maps?

Q11How are sengitivity maps cal culated?
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Q1 What are the main problems in obtaining a permittivity image from the capacitance
measurements?

The number of pixes in the image usualy exceeds the number of capacitance measurements.
Unfortunately, it is not possible to obtain a unique solution for each image pixel when the
number of pixels in the image exceeds the number of capacitance measurements. Furthermore,
image distortion can occur because ECT is an inherently soft-field imaging method (the electric
field isdistorted by the materia distribution insde the sensor).

Q2 How are ECT images calculated in view of the limited number of available measurements
and the soft field problem?

In many cases, the contrast between the permittivities of the materials insde the sensor is small,
resulting in only limited field distortion. This alows approximate linear algorithms to be used to
relate the capacitance measurements to the pixel valuesin the image and vice-versa. However, if
thefield distortion is severe, more accurate non-linear algorithms must be used.

Q3 What isthe most commonly used image recontruction method?

The method which has been used with greatest success to-date is known as Linear Back
Projection (LBP), and is based on the solution of a set of forward and reverse (or inverse)
transforms. .

Q4 What is the forward transform?

The forward transform is a matrix equation which relates the set of inter-electrode capacitance
measurements C to the set of pixel permittivity values K. This transform assumes that the
measured inter-electrode capacitances resulting from any arbitrary permittivity distribution K
insde the sensor will be identical to those obtained by summing the component capacitance
increases which occur when each pixel has its defined permittivity, with al other pixels values
set to zero. This forward transform is defined in the equation below, where bold characters
represent matrices:

C=SK

Cisan (M x 1) dimensioned matrix containing the set of M inter-electrode pair capacitances
(where M istypicaly 66 for a 12-electrode sensor or 28 for an 8-electrode sensor for protocol 1).

K isan (N x 1) dimensioned matrix (where N is 1024 for a 32 x 32 grid) containing the set of N
pixel permittivity values which describe the permittivity distribution inside the sensor (the
permittivity image).

Sisthe forward transform, usualy known as the sensor Sensitivity Matrix. S has dimensions (M
x N) and congists of M sets (or maps) of N (typicaly 1024) coefficients, (1 map for for each of
the M capacitance-pairs), where the coefficients represent the relative change in capacitance of
each capacitance pair when an identical change is made to the permittivity of each of the N
(1024) pixelsin turn.
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Q5 What isthe inverse transform?

In principle, once the set of inter-electrode capacitances C have been measured, the permittivity
digtribution K can be obtained from these measurements using an inverse transform Q as
follows:

K=0Q.C

Q isamatrix with dimensions (N x M) and, in principle, issimply the inverse of the matrix S.

Q6 So what isthe problemin finding a suitable inver se transform?

It is only possible to find the true inverse of a square matrix (where M = N). In physical terms,
this is confirmation that it is not possible to obtain the individual values of a large number of
pixels (eg 1024) from a smaler number of capacitance measurements (eg 66). As an exact
inverse matrix does not exist, an approximate matrix must be used. The LBP agorithm uses the
transpose of the sengitivity matrix, S@vhich has the required dimensions (N x M). .

Q7 What is the judtification for using the transpose of the sensitivity matrix as the inverse
transformin the LBP algorithm?

Although we have no means of knowing which pixels have contributed to the capacitance
measured between any specific electrode-pair, we know from the sensitivity matrix Sthat certain
pixels have more effect than others on this capacitance. Consequently, we allocate component
values to each pixel proportiona to the product of the electrode-pair capacitance and the pixel
sensitivity coefficient for this electrode-pair. This process is repeated for each electrode-pair
capacitance in turn and the component values obtained for each pixel are summed for the
complete range of electrode-pairs.

Q8 What arethe characteristics of the LBP algorithm?

The LBP algorithm produces approximate, but very blurred permittivity images. The LBP
algorithm acts as a spatid filter with alower cut-off frequency than that of the fundamenta filter
and consequently produces sub-optima images from a given set of input data.

Q9 How isthe sensor sensitivity matrix obtained?

The forward transform (sensitivity matrix) must be caculated (or measured) for each individual
Sensor as a separate exercise prior to using the sensor with an ECT system. One method for
calculating the sengitivity coefficient S of a pixel for an electrode-pair (i-j) is based on the use of
the equation below.

S=E .E.dA
where Ei is the dectric field insde the sensor when one eectrode of the pair i is excited as a

source electrode, Ej is the electric field when electrode j is excited as a source electrode and the
dot product of the two electric field vectors Ei and Ej isintegrated over the area A of the pixd.
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For a sensor with interna electrodes, the components of capacitance due to the eectric field
insde the sensor will always increase in proportion to the material permittivity when the sensor
is filled uniformly with higher permittivity materia. However for sensors with externa
electrodes, the permittivity of the wall causes non-linear changes in capacitance, which may
increase or decrease depending on the wall thickness and the permittivities of the sensor wall and
contents.

FAQ9 ADVANCED IMAGE RECONSTRUCTION METHODS

Q1 Q1 Isit possible to obtain better images than those obtained using the LBP algorithm?
Q2 How does the iterative method wor k?

Q3 Can improved images be obtained without resorting to iterative methods?

Q4 What is Landweber's method?

Q5 What is Tikhonov's method?

Q6 What is the effect of using Landweber's method?

Q1 Isit possbleto obtain better images than those obtained using the LBP algorithm?

It is possble to improve the image resolution and accuracy to values much closer to the
theoretical limit by the use of iterative techniques. The idea is to use the forward and inverse
transforms aternately to progressively correct the pixel vaues, and is based on the assumption
that the forward transform is reasonably accurate if the field distortion is low but that the inverse
transform may be very inaccurate. This technique is conceptualy similar to the practice of
correcting the distortion of an imperfect amplifier by the use of negative feedback.

Q2 How does the iterative method work?
The iterative method operates as follows:

The set of capacitances C1 for one image frame are measured and a set of initid pixd values K1
are calculated using (the inaccurate) inverse transform. These approximate permittivity values
K1 are then used to back-calculate a set of capacitances C2 using the (relatively accurate)
forward transform. A set of error capacitances dC = (C2 - C1) are calculated and used to generate
a set of error permittivities dK using the inverse transform. These error permittivities are then
used to correct the previous set of permittivities to generate a new set of pixel values K2, where
K2 = (K1 - dK ) . These new permittivities K2 are then used to calculate a new set of
capacitances C2 and the sequence is iterated until the permittivity values converge to the correct
solution.

A number of additional steps are possible, including truncating the image pixels to lie within the
known calibration range a each iteration and applying gain and truncation factors to the error
capacitances. However, it is important to check that the permittivity values converge in order to
ensure a vaid solution. Experience shows that this method can produce images of good
resolution, close to the theoretical maximum achievable with a given measurement protocol and
number of electrodes.
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Q3 Can improved images be obtained without resorting to iterative methods?

Although the iterative method produces good images, its use on line is limited because of the
time taken to carry out the relatively large number of iterations required to produce the image. It
is possible to develop better inverse transforms for Q by using more advanced mathematica

concepts for deriving approximate inverses of matrices. Two examples are methods developed
by Landweber and Tikhonov.

Q4 What is Landweber's method?

In Landweber®method, the inverse transform Q is given by the equation:
QL=V.F(W,t,R).U®

where: V, W and U are the matrices obtained by applying the Single Value Decomposition
(SVD) process to the sengitivity matrix S, Fisthe SVD filter function matrix, U@s the transpose
of U and

f=(1-(1-w)R)/w

where: f isone element of the filter matrix F, w is one element of the diagona matrix W, L isthe
Landweber transform parameter and R is the number of iterations.

Q5 What is Tikhonov's method?

In Tikhonov®method, the inverse transform Q is given by the equation:

QT =S0©(S.S&t.1)1

where: S is the senditivity matrix, SC@is the transpose sensitivity matrix, t is the Tikhonov
transform factor, and | is the identity matrix.

Q6 What isthe effect of using Landweber's method?

Some examples of the improvements possible are shown in chapter 13 which illustrates how
more detailed images can be obtained from the same capacitance data. However, these
techniques also produce some spurious artefacts in the image. These can be reduced, while
further improving the image, by carrying out a small number of iterations using the appropriate
inverse transform in place of the transpose sensitivity matrix, as the third figure below, obtained
after only 5 iterations, illustrates. The attraction of these techniques is that they are fast enough
for use on-line. .

Q10 What are sendtivity maps?

The set of sensitivity coefficients for each electrode-pair is known as the senditivity map for that
pair.
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Q11 How are sengitivity maps calculated?

For circular sensors with either interna or externa eectrodes, it is possible to derive an
analytical expression for the electric fields and in this case, the sensitivity coefficients (and aso
the electrode capacitances) can be calculated accurately. For more complex geometries,
numerical methods can be used to calculate the sensitivity coefficients. It is normally only
necessary to calculate a few primary senstivity maps for the unique geometrical electrode
pairings, asal of the other maps can be derived from these by reflection or rotation.
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APPENDIX 1

GENERATION OF ECT IMAGESFROM CAPACITANCE MEASUREMENTS

SUMMARY

This note describes how the permittivity distribution of the material inside an ECT sensor is
obtained from measurements of the capacitances between pairs of eectrodes placed around the
perimiter of the sensor using the Linear -Back-Pr oj ection method.
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GENERATION OF ECT IMAGESFROM CAPACITANCE MEASUREMENTS
1. INTRODUCTION

An ECT system provides a means for determining the distribution of a mixture of two dielectric
(insulating) materiads insgde a vessal. It does this by measuring the capacitances between
combinations of pairs of electrodes (electrode-pairs) placed around the perimiter of the sensor.
The sensor cross-section can be of any shape, but most work to-date has concentrated on sensors
having a circular cross-section.

For practical reasons, the number of el ectrodes placed around the sensor perimiter rarely exceeds
16 and values of 6,8 or 12 are more common. The maximum number of independent electrode-
pair capacitance measurementsis given by the equation:

M = E.(E - 1)/2 (11)

where E is the number of eectrodes. For a 12-electrode sensor, there will be 66 independent
electrode-pair capacitances.

The permittivity distribution can be defined in any convenient form. A common format, uses a
square grid of 32 x 32 = 1024 pixels to represent the sensor cross-section.

An ECT system attempts to compute the permittivity distribution from the electrode pair
capacitance measurements. With a32 x 32 grid, the task can be seen to beto calculate the values
of 1024 pixel elements from 66 capacitance measurements. It is mathematically impossible to
carry out this calculation accurately as there is insufficient information available due to the
limited number of electrode-pair capacitance measurements. The task therefore reduces to
finding the best possible approximate solution to the problem. In the following sections we will
attempt to explain how thisis achieved in apractica ECT system.

The techniques used to solve this problem evolved over an extended period of time during the
origina research into ECT at UMIST and elsewhere. However, very little information apears to
have been published about this aspect of the research work. What follows was uncovered by
reading the original ECT papers and UMIST PhD theses, together with extensive discussions of
the problem with some of the origina and current UMIST researchers.

The UMIST researchers made several successive refinements during thelr quest to find a
practical method which would alow reasonably accurate images to be constructed from the
electrode-pair capacitance measurements. As the image construction concept is not particularly
easy to understand, we will explain the technique by following the steps taken by the origina
researchers to arrive at the method which is in current use. We will do this by considering
initialy a very smple (and artificia) sensor model. Once the principles have been explained, we
will move onto more realistic sensor models.

1.2 ANOTE ON THE FORMAT OF THE TEXT

In what follows, we have tried to keep the explanation as smple as possible. At the same time,
we want to lead the reader to the final solution adopted. We have tried to do this by indicating
some sections in square brackets [ ]. These sections can be ignored on a first reading of the text.
However, they will need to be read and understood ultimately to allow the reader to follow the
mathematics introduced later.
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2. SSIMPLE SQUARE SENSOR MODEL

An ECT sensor is normally used to measure the permittivity distribution of a mixture of two
didectric materials. For smplicity in what follows, we shall assume that the lower permittivity
material isair (ie the sensor is empty).

It is convenient to work in normalised units for both the permittivities and electrode-pair
capacitances. Using this system, we define the normalised permittivity of the lower permittivity
material to be represented by the value zero and the normaised permittivity of the higher
permittivity material to be represented by the value 1.

We shdl start by considering a very simple square capacitance sensor having 12 electrodes, with
3 eectrodes located dong each side of the sguare. The cross-section inside the sensor is
represented by agrid of 3 X 3 =9 pixes, labelled A to |, asshown in figure 1.

For smplicity, we shall assume that the eectric field lines run only paralel to the sides of the
sguare as shown in figure 2. This is a gross simplification of what happens in redlity, but is a
useful starting point in our attempt to explain how an ECT sensor works. We will show later how
the principle can be extended for use with more redlistic electric field distributions.

The capacitance between any pair of eectrodes will only be affected by a pixel insde this sensor
if the pixel intercepts the electric field lines between these eectrodes. It follows that, for this
simple sensor model, only those electrodes which are opposite each other on opposing sides of
the sensor will be affected by changes in the permittivity of the pixelsinside the sensor.

For this simple sensor model, we therefore need to consider only the capacitances between 6
electrode-pair combinations, namely:

1-9, 2-8, 3-7, 4-12, 5-11,and 6-10

We designate these capacitances as Ci.9 etc. where Ci.9 means the capacitance between
electrodes 1 and 9 etc.

The capacitances measured between these eectrode-pairs are aso normalised in a similar
manner to those of the permittivity values. When the sensor contains the lower permittivity
material, we define the value of the normalised capacitances measured between the electrode
pairsto be zero and to be 1 when the sensor isfilled with the higher permittivity material.
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Figure 1. 12 - electrode square ECT sensor

3 2 1
4 12
S} 11
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Figure 2. Simplified Electric field distribution
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3. THE SENSITIVITY MAP OF THE SENSOR

We are going to consider how the capacitances measured between the electrode pairs of an
empty sensor are affected when a dielectric probe, consisting of a square dielectric rod whose
cross-section isthe same size as one pixd, islocated at each of the 9 pixd locationsin turn.

By our previous definition, the normalised capacitances measured between any two pairs of
electrodes will be zero when the sensor is empty.

We will first consider what happens when the dielectric probe is located at Pixel E in the
otherwise empty sensor. This situation is represented in figure 3, where the red colour indicates
that the centre pixel E is occupied by materia having the higher value of permittivity (the
dielectric bar) and the dark blue colour indicates that the remaining pixels are occupied by lower
permittivity material (air).

3 2 1
4 12
5 11
6 10

Figure 3. Pixel E containing high-permittivity matarial

In our simple sensor model, we have assumed that the electric field lines are paralld to the sides
of the sensor, and it follows that the dielectric probe will only affect the capacitance measured
between electrodes whose electric field lines interact with the cross section of the probe. Hence,
in this case, the only electrode pairs whose capacitance will be affected will be electrode pairs 2-
8 and 5-11.

If the probe is now moved to pixel B, the electrode pairs whose capacitance is changed will be

electrodes 2-8 and 4-12. The same arguments can be used to determine which electrode pairs will
be affected when the probe is placed in any of the other 7 pixels.
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By locating the permittivity probe at each pixel location in turn, we can construct a 3 X 3
element matrix, for each electrode pair combination. These are known as sensitivity matrices,
and show, for each electrode-pair, how the permittivity probe will affect the capacitance between
the electrodes for each pixe location.

In the case of a3 X 3 pixel grid, the sengitivity matrix for each electrode-pair consists of a set of
9 senditivity coefficients corresponding to each of the pixels insde the sensor. The sengtivity
matrix can be written as follows:

PP
Dy
Y

where Sy, Sg €tc. are the sengitivity coefficients for pixels A,B etc.

We will now further smplify the situation by representing the sensitivity coefficients in binary
format. That is, if the probe affects the electrode pair capacitance at a particular pixel location,
we signify this by entering the value 1 in the sensitivity matrix for this pixel location. Similarly,
if thereisno effect, weillustrate this by writing O in the pixel location.

Thisisbest illustrated by some examples.
Congder the eectrode pair combination S,.s. Bearing in mind our previous (highly simplified)

assumption about the paths of the electric field lines inside the sensor, the sensitivity matrix for
this electrode pair can be written down by inspection as follows:

S 0 1 0
0 1 0
0 1 0

Similarly, the matrix for the electrode pair 5-11 can be written:

S

ol N e)
ol N e)
ol N

All of the other sengitvity matrices can be written down in asimilar manner.

Note that, for this sensor model, only 4 other electrode combinations will have matrices
containing non-zero sengtivity coefficients (for electrode pairs 3-7, 4 -12, 5-11 and 6 - 10). All
of the matrices for the remaining electrode pair combinations will contain only zeroes. This is
because we have assumed that there is no capacitive coupling between any other electrode
combinations, which in turn, follows from the smple electric field paths which we have assumed
for this sensor.
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Figure 4. Simplified binary sensitivity maps for square ECT sensor

The six sengtivity matrices which contain non-zero sensitivity coefficients are shown in
diagrammatic form in figure 4. The white pixels represent sensitivity coefficients with zero
coefficients and the dark pixels represent sensitivity coefficients with the value 1.

To summarise, each electrode-pair combination will have an associated sensitivity matrix
containing N elements, where N is the number of pixels. The elements in the sensitivity matrix
for each electrode pair indicate whether a change in the permittivity of a single pixel inside the
sensor will affect the capacitance measured between the electrodes of this pair. In our first, very
simple sensor mode, if the capacitance changes when the permittivity of a particular pixe is
increased or decreased, the pixe sengtivity coefficient for that pixel is assigned the vaue 1. If
there is no change to the electrode-pair capacitance, then the pixel sengitivity coefficient is set to
zero.
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4. THE FORWARD PROBLEM

The next question to consider is how the electrode-pair capacitances change when an arbitary
permittivity distribution exists insgde the sensor.

We will assume that the sensor is filled with a mixture of the lower and upper permittivity
materials. This will give rise to a set of normalised capacitance vaues for the set of electrode
pairs and we will assume that these normalised capacitances will have values somewhere within
therangeOto 1.

Thefirst task is to determine how to calculate the inter-el ectrode capacitances from the values of
the normalised permittivities of the pixels for any distribution of permittivity inside the sensor.
Thisis known asthe Forward problem.

The method which is adopted to solve the Forward problem is based on the Electrical Network
Superposition Theorem. Expressing this theorem in a form which is relevant to the forward
problem, the Superposition Theorem states that, in a linear eectrica network, the combined
effect of alarge number of stimuli can be found by adding up the effects which result when each
stimulus actsindividually.

In our case the stimuli are the permittivity values of the individual pixelsinside the sensor and
the effects are the inter -electr ode capacitances measured between the e ectrode-pairs.

We can now apply this theorem to find the capacitances between the eectrode pairs when the
sensor isfilled with the higher permittivity materia asfollows:

For each eectrode-pair, we measure the set of elemental normalised capacitances between the
electrodes when each pixel in turn (the probe pixel) contains the higher permittivity material,
while dl of the remaining pixels contain the lower permittivity material. For our smple square
sensor with 9 pixds, there will obvioudy be 9 elementd capacitances to measure for each
location of the probe pixel.

To find the capacitance between these two e ectrodes when the sensor is completely filled with
the higher permittivity material, the Superposition theorem states that we should ssimply add up
all of these 9 elementd capacitances.

For our smple sensor model, we know that for any particular electrode-pair, only some of the
pixels inside the sensor will change the capacitance between this pair of eectrodes and this
information is contained in the sensitivity matrix. For the smple binary sensitivity matrix which
we have discussed so far, the matrix tells us which pixes influence the capacitance between a
given pair of electrodes and which pixels have no effect on this capacitance.
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Applying the Superposition theorem, the capacitance C,, between any pair of electrodes can
therefore be written in the following general form:

Cn = Pm.(SA.KA +Sg.Kg+Sc.Ke+ e S|K|) (41)

Where:

m represents the electrode pair combinations (1-9, 2-8 etc.) and Cy, is the (normalised) inter-
el ectrode capacitance for the mth electrode-pair.

Sa, Sg, €tc are the sengtivity coefficients of each individua pixel in the grid for the mth
electrode pair.

Ka, Kg €etc. arethe vaues of (normalised) permittivity of the materid in each pixel.
Pmn is a constant included to ensure that the normalising remains vaid, whose value can be

determined as described below.

Now consder specificaly the capacitance between electrodes 2 and 8 when the sensor is full of
the higher permittivity material. In this situation, the normalised permittivity of each pixel (Ka,
Kg etc.) will, by definition, have the value 1.

In the case of the sguare sensor, we have aready shown that the sengitivity coefficients Sg. Se
and Sy have the value 1 while al of the remaining sensitivity coefficients for this electrode
combination are zero.

In this case, equation 4.1 becomes

Cog= P2_8.(1.1 +11+ 11) =3.P.s (42)

However, we aso know that, by definition, the normalised electrode-pair capacitances for al
electrode pairs have the value 1 when the sensor is full of the higher permittivity material. It
follows that the value of the normalising constant P..g for electrode-pair 2-8 must have the vaue
V3.

We can calculate the value of Py, for al of the other electrode pair combinations in a similar
manner. For the simple sensor modd which we are currently using, it is clear that al values of
Pm have the value 1/3. However, this simple result will not generally hold for more complex field
distributions.

For any other values of pixd permittivity, we can find the electrode-pair capacitances by
substituting the known vaues of normalised permittivity into equation 4.1 asfollows:

eg for electrode-pair 2-8

Cos=(1/3).(1.Kg + LK+ 1.Ky) 4.3
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For example, if the normalised pixel permittivities Sg, Sz and Sy are reduced to values of 0.5,
then the capacitance C,.g calculated from equation 4.3 will have the value:

Cos = (U3).(05+05+0.5) =05 (4.4)

As a second example, let us assume that the normalised pixds have different values e.g. let Kg
=1, Kg=0.5and Ky =0.3.

Inthis case, C,g will have the normalised capacitance given by:

Cas=(1/3).(1+05+0.3) = 0.6. (4.5)

So far, we have based our model on the use of binary sensitivity coefficients, in the interests of
simplicity. However, as will be shown later, if the true values of the sengitivity cofefficients can
be found (either by calculation or by measurement), these can be used instead of the crude binary
coefficients which we have so-far assumed.

It turns out that by using these more accurate sengitivity coefficients, the solution to the forward
problem can be found with reasonable accuracy. However, we will stay with the binary
sengitivity coefficients for the present for reasons which will become clear in the following
sections.
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[5. THE GENERAL SOLUTION OF THE FORWARD PROBLEM

Using equation 4.1, we can use the general expression for Cy, to find, for example, the value of

Co.g asfollows:

Cog=Pog.(Sa.Ka + S8.Kg + Sc.Kc+ So.Kp + Se.Ke + St Ke + Se.Kg + S.KH +S.K))
(5.

There will of course be smilar equations for the other electrode pairs. For example,

Cro=Pro.(Sa.Ka + S.Kg + Sc.Kc + Sp.Ke + Se.Ke + SE K + Se.Kg + SH.KH +S.K))
(5.2)

The complete set of relationships for al electrode pairs can be written concisely in matrix form
asfollows:

C=SK (5.3
where:

Cisan M x 1 matrix containing the normalised electrode-pair capacitances Cy, (in the nominal
range0to 1).

M isthe number of unique e ectrode-pair combinations (eg 66 for a 12-electrode sensor)

Each m vaue corresponds to an eectrode - pair combination. For example, m=1 might be
defined to be the pair 1-9, m = 2 to be the pair 2-8 etc.

K isan N x 1 matrix containing the normalised pixel permittivities (in the nominal range 0 to 1)
N isthe number of pixels representing the sensor cross-section (eg 1024 for a 32 x 32 grid)

Sisan M x N matrix containing the set of senstivity matrices for each electrode-pair. The
matrix Siscommonly referred to asthe sensitivity map of the sensor.

Note that in this equation, the matrix S incorporates the normalising constants P mentioned
previoudly. That is, the sensitivity coefficients are now normalised as well as the vales of C and
K.

This matrix equation defines the general solution to the forward problem. ]
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6. THE INVERSE PROBLEM

As we have seen, once the set of sengitivity matrices (the sensitivity map) for the sensor has been
found, it is ardatively straightforward process to calculate what the electrode-pair capacitances
will be for agiven permittivity distribution inside the sensor.

However, in an ECT system we normally want to be able to determine the permittivity
distribution inside the sensor from knowledge of the capacitances between the pairs of
electr odes which surround the sensor, ie the inver se of the problem which we have just outlined.

The question which therefore needs to be answered is, given a set of (measured) normalised
electrode-pair capacitances, what are the values of normalised permittivity of each of the pixels
inside the sensor which have given rise to this set of electrode-pair capacitances? Thisis known
astheinver se problem.

We will seek to find a solution to the inver se problem using the sensitivity matrices which we
have derived above. The method which we shall useiscalled Linear Back-Projection (LBP).

The basis of the method is to consider each electrode-pair capacitance in turn and to consider
which pixelsinsde the sensor have contributed to the change in the normalised capacitance from
the zero values when the sensor is empty.

We do this by referring to the binary senstivity matrix for each unique eectrode-pair.
Consider electrode-pair 2-8 for example. We know from the previous sections that only pixels B,
E and H can have contributed to any change in the capacitance C,.s. However, we have no
means of knowing how much of the changein capacitanceto attribute to each pixel.

Faced with this problem, the LBP method makes the pragmatic asumption that, for a specific
electrode-pair, al of the pixels with non-zero sensitivity coefficients contribute equaly to the
capacitance change for each specific electrode pair and that they do this by changing their
permittivity values by identical amounts. It further assumes that these incremental changes in the
permittivities of the pixels which contributed to this capacitance change are proportional to the
change in the dectrode-pair capacitance. That is.

DKg = DKg= DKy = Qn.Cos (6.1)

where DKj is the elementa change in the normaised permittiviy of pixel B etc., Cog is the
normalised capacitance measured between eectrode pairs 2 and 8 and Q, is another scaling
constant which is required to ensure that the normalising remains valid.

This situation is represented in figure 5 for electrode-pair C,.g, which shows, in light-blue, the
pixels which are assumed to have contributed to the capacitance between this pair of electrodes.
Figure 6 smilarly shows the pixels which contribute to the capacitance between electrodes 5 and
11.
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Figure 5. Elemental pixel values due to C2-8
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Figure 6. Elemental pixel values due to C5-11
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[Equati on 6.1 is a specid case of the more genera expression which needs to be written if we

make no assumptions about the values of the sengitivity coefficients for each pixel. This general
expression can be written as:

DK = Qn.Sim.Cm (6-2)

where:

DK, isthe demental change in permittivity of pixel n due to the capacitance Cy, of electrode-pair
m

Qnisanormalising constant

Sm is the sengitivity coefficient which corresponds to the nth pixel and the mth electrode-pair
capacitance.]

The next assumption is that this process can be applied for each electrode-pair in turn and that
the overal value of pixel permittivity for each individua pixe can again be found by applying
the Super position theorem.

Hence we obtain the pixel permittivity by summing the elemental values of permittivity obtained
from the equations for each electrode pair.

For our smple square sensor, this can be expressed as follows, using pixel B as an example.
Kg = DKp.9 + DKgg) + DKg37)+ DKp@12) + DKpia1) + DKoy (6.3)
Where DKpg(1.99 means the elemental change in permittivity of pixel B due to the capacitance
change of eectrode-pair 1-9 etc. Using equation 6.1 or 6.2 we obtain:
Ke = Qg.(Ssw9.Cu9 + Seee -Cpg + S8z -Cian + See) .Cu) + S8y .Coy
+ Sg(6-10) -C(6-10) (6.4)
where Sg1.9) is the sensitivity coefficient of pixel B for electrode-pair 1-9, C(y.9) is the normalised

capacitance between electrode pair 1-9 etc. and Qg is a normalising constant for the permittivity
of pixd B.

By inspection of figures 1 and 2, pixel B will only affect the capacitance between electrode-pairs
2-8 and 4-12.
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Hence Sg2.¢) = 1 and Sga12) = 1, while al of the other values of Sg are zero, giving:
Ke=Qe.(1+1)=2.Qs (6.5)

We know that when all of the electrode-pair capacitances are 1, the normalised capacitances a'so
have the value 1.

Substituting these conditionsin egquation 6.5 we obtain:
1=Qs.(2 (6.6)

and hence the value of Qg = 1/2.

Similar expressions can be written for each of the other pixels.
For example, the permittivity of pixel A isgiven by:

Ka=DKa-g+ DKap-g)+ DKa@7) + DKa@-12) + DKaE11) + DKaE10) (6.7)

= Qa-(Sa@-9)-Cii-9) + Sazg) -Crze) + Sa7).Can + Saw12) -Ciar2) + Saay) -Cs1)
+ Sae-10) -Cie-10) (6.8)

By similar reasoning, it is clear that the value of Qa isaso 1/2. It turns out that the values of al
of the normalising constants for the simple square sensor are al'so 1/2.

[In genera terms, the permittivity of anindividua pixel isgiven by:

M

Kn= S QnSmCnm (6.9)
m=1

where

Kn isthe permittivity of pixel n

Cm arethe set of normalised capacitance measurements for the M electrode pairs.
Qnarethe set of normalising constants for the pixe n.

Sim arethe set of sengitivity coefficients for pixel nand the M sets of eectrode-pairs.
This can be written in matrix format as follows:

K=S'.C (6.10)
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where
K isan N x 1 matrix containing the normalised permittivities of each of the N pixels.
S' is the normalised transpose sensitivity map (formed by interchanging the rows and columns

of the sengitivity map matrix S)
CisanM x 1 matrix containing the M normalised electrode-pair capacitances.

Equation 6.10 is the general equation which is used in the LBP agorithm to solve the inverse
problem and hence to calculate the pixel per mittivity distribution.]

7.A SIMPLE EXAMPLE OF LINEAR BACK-PROJECTION

Having explained the principle of Linear Back-Projection, we will now consider a smple
example.

Let’s assume that the sensor contains a dielectric bar of square cross-section and normalised
permittivity 1, which occupies pixel E in the centre of the sensor, as shown in figure 3. All of the
other pixels will be assumed to contain materia of normalised permittivity zero.

We have represented this situation in figure 3 using the colour scale which is used widely to
display permittivity images in ECT systems. In this system, the upper value of normalised
permittivity (1) is shown in red and the lower value (0) is shown in dark-blue. Intermediate
permittivity values are shown on a scale which extends from blue through green to red.

We know from the sensitivity matrices, that pixel E will only affect the capacitance between
electrode-pairs 2-8 and 5-11.

Using our knowledge of the sengitivity coefficients and the values of pixel permittivities, we can
first caculate what the values of C,.g and Cs 11 Will be using equation 4.1 asfollows:

Cog= (1/3) (1.1) =1/3 (7.1)
similarly

Cs1 = (1/3)(11) =13 (7.2)
We can now apply the equation of back-projection (6.10) to re-calculate the value of the pixels
from the electrode-pair capacitances.
Taking pixdl A as an example, and bearing in mind that the only non-zero electrode-pair
capacitances generated by the “dielectric bar” in pixel E are Co.5) and Cs.11), we can cal culate the

value of pixel A asfollows:

Ka = (1/2). (Saes) -C28) + Sa11)-Cis-11))- 7.3)
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However, both Sa-g) and Sas-11) are zero for these two electrode-pair combinations.

Hence the value of K, calculated using the LBP method is zero, which is correct, as the only
pixel occupied by an object of non-zero permittivity is pixel E.

Using the obvious symmetry properties of the sensor, it is clear that similar results will be
obtained for pixels C, G and |, and hence K¢, Kg and K, will al have zero values.

Thisis a promising start, as we know from figure 3 that the actua pixel permittivities for pixels
A, C,Gand D are zero.
We will now repeat this process for pixel B.

Kg = (1/2). (Sg2-8) -Cpo-8) + Sg(5-11)-Ci5-1))- (7.4)

In this case, Sge has the vaue 1 while Sys1q) IS zero for these two electrode-pair
combinations.

Hence the value of Kg calculated by the LBP method is (1/2).(1/3) = 1/6.

Again, using the symmetry properties of the sensor, it is clear that the values of pixelsD, Fand H
will beidentical to that of pixel B, ie Kp, K and Ky will al have the value 1/6.

By inspecting figure 3, we know that these values should be zero. However, in this case, the LBP
algorithm has assigned pixels B, D, F and H afinite positive value of 1/6.
We will now complete the process by calculating the value of pixel E.

Ke = (12). (SEg) -Cio-g) + SE(5.11)-Cs-10)) (7.5)

Inthiscase, both Sg.g) and Sas.11) have the value 1 for these two el ectrode-pair combinations.
Hence the value of Kg caculated by the LBP method is (1/2).((1/3) + (1/3)) = 1/3.

Referring back to figure 3, we know that the value of Kg should be 1. The LBP agorithm has
therefore produced avalue for pixel E which is significantly lower than its known value.

The results for the calculated pixel permittivites (in matrix format) can be summarised as
follows:

0 6 O
v6 13 16
0 6 O

These results are represented in figure 7, which represents pixe values of 0 as dark blue, 1/6 as
light blue and 1/3 as green.
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4 12
5 11
6 10

Figure 7. Composite pixel values from sums of elemental values

However, we know that the correct answer is the following matrix:

0 0 0
0 1 0
0 0 0

And this situation is shown in figure 3 on the same colour scale.

We have attempted to indicate how this permittivity distribution has occurred by showing the
elementd pixel permittivities which result from the only two non-zero capacitance pair
measurements C,.g and Cs 13 in figures 5 and 6.

Figure 5 shows the elementa pixel permittivities which result from the C,g capacitance and
figure 6 shows the elemental pixel permittivities which result from the Cs11 capacitance. In
these figures, the dark blue pixes have zero vaues and the light blue squares have normalised
permittivities of 1/6 as calculated above.

When we add up these two permittivity distributions, we obtain figure 7, where the green pixel
(E) hasthevaue1/3.

By comparing the known permittivity distribution (figure 3) with the results cal culated using the
LBP method, (figure 7), it is clear that what has happened is that the LBP agorithm has spread
out, or blurred the origina probe pixel over amuch larger area than that occupied by the origina
pixel probe.
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7.1 INHERENT CHARACTERICTICSAND ERRORSOF THE LBP METHOD

By comparing the LBP solution (figure 7) with the correct answer (figure 3), we can now
identify some of the main characteristics of the LBP agorithm:

1. The caculated vaue of the probe pixd is 1/3 of its known vaue. In generd, the LBP
algorithm will aways under-estimate areas of high permittivity.

2. Some of the pixels which should have zero vaues have had finite values assigned to them. In
general, the LBP agorithm will over-estimate areas of low permittivity.

3. The sum of the calculated pixel permittivities equals that of the origina single probe pixd. In
generd, the average permittivity of al of the pixels calculated by the LBP agorithm will
approximately equal that of the sensor when it contains the test object. The LBP agorithm is
therefore useful for calculating the average voidages or volume ratios of the sensor contents.

In practice, the use of a very simple sensor model and binary sengtivity coefficients have
aggravated the deficiences of the LBP agorithm and this is therefore a rather extreme example.
However, the results obtained here illustrate the principle and aso the main failings of the LBP
algorithm.

8. EXTENSION TO CIRCULAR SENSORS

Until now, we have considered a simple and rather artificial square sensor with alimited number
of pixels and very restricted electric field lines. We will now show how the method can be
extended to a circular sensor containing a much larger number of pixels and where we will not
make any unrealistic assumptions about the electric field lines and inter-electrode coupling. For
the case of the circular sensor, we will assume that there is capacitive coupling between al pairs
of electrodes.

8.1 8-ELECTRODE CIRCULAR SENSOR

Consider the 8-electrode circular sensor shown in figure 8. The sensor is shown superimposed on
agrid of 32 X 32 square pixels.

The approximate binary sensitivity maps of the sensor can be deduced by considering the paths
of the Electric field lines between the electrode pairs. For example, the binary sensitivity map for
pairs 1-2 is shown in figure 9(a@). The black pixels indicate that the pixd will influence the
capacitance between that electrode pair and the white pixels indicate that the pixel will have no
influence on the capacitance between those pairs.

The binary sensitivity maps for eectrodes pairs 1-3, 1-4 and 1-5 are shown in figures 9(b) to
9(d). It is obvious that the sensitivity maps for any other electrode-pair combination will be
identical to one of these four basic maps (although rotated around the sensor), because of the
symmetry properties of the sensor.
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8.2 APPLICATION OF LINEAR BACK-PROJECTION

The principle of back-projection for circular sensors remains the same as that outlined in sections
6 and 7 for the smple square sensor. For each inter-electrode capacitance measurement, using
the smple binary sensitivity maps, we assume that al pixels which have a non-zero sensitivity
coefficient contribute equally to the measured change in capacitance between the electrode pairs.

Hence, for each electrode pair measurement, we alocate each pixel which has a non-zero
sensitivity coefficient an elementa value which is proportiona to the measured change in the
normalised capacitance between these electrodes. We then add up the elemental values for the
pixel for al of the electrode-pair capacitance measurements to obtain the value of the pixe
permittivity.

The final step is to normalise this procedure so that all of the pixels have the value 1 when the
normalised inter-electrode pair capacitances are al 1 and have the value O when dl of the
normalised inter-electrode pair capacitances are zero.

]
p—

-
——

Figure8. 8-éectrodecircular sensor and 32 X 32 pixe grid
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(b) S13

(a) S12

(d) S15

(c) S14
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83 THE USE OF REAL SENSITIVITY MAPS

The LBP method can be easily extended for the more practica case where the sensitivity
coefficients are not smply binary, but have values which lie within the nominal range 0 to 1. In
this case, the eemental pixel vaues are found by multiplying the sensitivity coefficients by the
normalised capacitance measurements using equations 6.9 and 6.10.

Sometypical sendtivity matrices for an 8-electrode circular ECT sensor are shown in figure 10.

Figure 10. Primary sensitivity mapsfor an 8-electrode sensor.

We can therefore apply equation 6.10 directly to obtain the permittivity vaues of each pixel from
the set of capacitance measurements.

8.3 CHARACTERISTIC RESULTS

From the description of the LBP method given in chapter 8.2 and previoudly, it is clear that
images produced by this method will aways be approximate. The method spreads the true image
over the whole of the sensor area and consequently produces very blurred images. Moreover,
because the image has been spread out over the sensor area, the magnitude of the pixels will
always be less than the true values. However, the sum of al of the image pixels will approximate
to thetruevalue.

A typical image for a circular tube, containing the same material used to calibrate the sensor is
shown in figure 11. The actua tube diameter was 40mm and the sensor interna diameter was
100mm. This corresponds to a nominal voidage of 16%. The LBP agorithm gave an overal
voidage of between 12 and 16%, depending on the sensor model which was used*. The effects
of image blurring are clearly visible. The correct image would be a filled red circle of diameter
40% of that of the sensor, where red corresponds to a normalised permittivity of 1. The centra
area of the actual image produced by back-projection has a much lower value of permittivity,
around 0.5 and displayed as greenin figure 11.

It is possible to improve this image using simple iterative techniques. One method for doing this
is described in Chapter 13. An example of the improvement in image quality which can be
obtained using this method is shown in figure 12 for the same measurement data as shown in
figure 11. Theimage of therod is now of the correct size and magnitude.
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APPENDIX 2
ENGINEERING DESIGN RULESFOR ECT SENSORS
SUMMARY

This Appendix explains how the design of a capacitance sensor for use with an Electrical
Capacitance Tomography (ECT) system influences the performance of the system. A set of
engineering rules are given for designing successful working ECT sensors.

1. INTRODUCTION

Electrical Capacitance Tomography is a technique for obtaining information about the contents
of vessdls, based on measuring variations in the dielectric properties of the material inside the
vessel. The basic ideais to fit a number conducting plates (electrodes) around the periphery of
the vessd and to measure the capacitance variations which occur between combinations of
electrodes when a dielectric materia isintroduced inside the vessal.

An important step in planning a successful ECT application is the design of the capacitance
sensor unit, as this will normally be unique for each new application. This Appendix explains
how the various design parameters of ECT sensors interact and affect the overal sensor
performance, and gives design rules which alow an effective ECT sensor to be constructed for a
specific application. The Application Note concentrates on the design of sensors for use with
vessels having circular cross sections (although many of the comments apply to vessels of any
Cross section).

The design of ECT sensors is closdly linked to the capabilities of the capacitance measuring
equipment to be used with the sensor. An ided capacitance measuring system will have a very
low noise level, awide dynamic measurement range, high immunity to stray capacitance to earth
and be able to carry out measurements at high speed. The information given in this paper is
largely based on the capabilities of the PTL DAM200 Data Acquisition Module which can
measure capacitance in the range 0.1 to 2000 fF with an rms noise level around 0.07 fF.

In norma sensor operation, one electrode is a SOURCE electrode, excited at a potential above
that of earth, a any one time. The remaining electrodes are set to be DETECTOR €l ectrodes and
are maintained at virtua earth potential. This is not the only possible mode of operation of an
ECT system but is the one on which most experience has been gained to-date and this note will
therefore be restricted to a discussion of sensors suitable for use with single electrode excitation
ECT systems of thistype.
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1.1 DESIGN REQUIREMENTS

The main considerations when designing ECT sensors are to minimise any standing (fixed)
capacitances between eectrodes, while maximising the variable components of these
capacitances. This maximises the signal/noise ratio and alows the use of axialy short electrodes.
This applies particularly to the capacitances between measurement electrodes in adjacent
measurement channels " (adjacent electrodes’).

The high values of capacitance between adjacent el ectrodes can cause the following problems:

1. Potential increase of measurement range/programmeable gain requirements in the measurement
electronics and a decrease in signal/noise ratio caused by the need to introduce attenuation for
measurements where the capacitances are large. If the measurement gains can be kept at 1, the
overall measurement noise levels can be decreased.

2. Increase in standing capacitances and non-linearity in Capacitance/Permittivity characteristics.
3. Increased effects of drift in standing capacitance values with temperature etc.

These effects and problems can be reduced by decreasing the normalised electrode widths and
increasing the width of the axial guard electrodes, as the adjacent capacitances are more sensitive
to eectrode spacing/axia guard width than the opposite capacitances.

Standing capacitances between adjacent electrodes can be further reduced by the use of
screening fins which reduce or eliminate the components of the capacitances between e ectrodes
dueto field paths outside the tube wall.

There is also the need to effectively screen the ECT sensor to keep out external noise and to
prevent the excitation signals from causing electromagnetic interference to other equipment.

If the sensor is to be used for flow measurements, there is the further need to minimise any axia

coupling between €electrodes in the same measurement channel, to optimise the axid
measurement discrimination.
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2. OVERVIEW OF SENSORSFOR ECT SYSTEMS

Figure 1. Sensorswith external and internal electrodes
2.1 Sensorswith external electrodes

Capacitance sensors for use with vessels of circular cross-section are normally customised
devices which are individualy designed for each specific application and can take one of two
basic forms. The smplest arrangement from a constructional viewpoint consists of a non-
conducting section of pipe surrounded by an array of equally-spaced capacitance e ectrodes with
an overall outer earthed screen as shown in figure 1(a). A simple sensor of this type is shown in
figures 2 to 4. This arrangement has the advantage that contact with and possible contamination
of the electrodes by the fluid inside the pipe is avoided and the measurement is therefore non-
invasive. However, sensors with eectrodes on the outside of the vesse wall can exhibit
considerable non-linearity in their response to didectric materials introduced inside the sensor.
This effect is caused by the presence of the sensor wall, which introduces an additional (and
unhelpful) series coupling capacitance into the measurement of the inter-electrode capacitances.

Figure 2. Internal view of basc ECT sensor
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2.2 Sensorswith internal ectrodes

An dternative arrangement isto fit the eectrodes inside the vessdl as shown in figure 1(b). In the
case of ametal-walled vessdl, this requires the use of some form of insulated liner supporting the
electrodes, which then is placed inside the vessal. Although it is more difficult to design and
construct this type of sensor from a mechanical viewpoint, sensors with electrodes inside the
vessel do not suffer from the non-linearity problems exhibited by sensors with externa
electrodes.

2.3 Sreening arrangements

For both types of sensor, the inter-electrode capacitances are typicaly small fractions of a
picoFarad and an earthed screen must be placed around the electrodes to eliminate the effects of
extraneous signals and variations in the stray capacitance to earth, which would otherwise
predominate and corrupt the measurements. ECT sensors must have a high level of mechanical
stability, as any small movement between electrodes will change the vaues of inter-electrode

capacitances. The electrodes are connected to the capacitance measuring system by individual
coaxial connecting leads.

Figure 3 Addition of radial spacers

Figure 3 shows the addition of four radia spacerswhich support the outer screen.

Figure4. With outer screen installed
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Figure 4 shows the addition of the screen, formed from a copper sheet which is wrapped around
the radial spacersand held in place by releasable plastic cableties.

The capacitance measuring system normally imposes an upper limit on the allowable capacitance
between each sensor electrode and earth. In the case of the PTL DAM200 unit, this value is 200
pF and this figure includes the capacitance of the coaxial connecting leads (typicaly
100pF/metre) as well as the capacitance between each measurement electrode and the externa
Sensor screen.

2.4 Guard dectrodes

Figure5. Electrode layout showing measurement and driven guard electrodes

If the sensor electrodes are short compared with the diameter of the sensor, extra axia guard
electrodes will normally be required at each end of the measuring electrodes. The purpose of the
guard electrodes is to maintain a parald eectric field pattern across the sensor in the region of
the measuring eectrodes, by preventing the eectric field lines from from spreading axially at the
ends of the measuring electrodes. This improves both the axial resolution and the sengitivity of
the sensor. The guard electrodes are connected to guard driving circuitry in the capacitance
measuring unit. Earthed axia eectrode tracks may also be needed between adjacent measuring
electrodes to reduce the standing capacitance between adjacent el ectrodes to a value low enough
to avoid overloading or saturating the capacitance measuring system. These earthed tracks can
also be extended radialy out to the earthed outer screen to further reduce the adjacent electrode
capacitances.

2.5 Number of dectrodes

The choice of the number of electrodes around the circumference of the sensor is a tradeoff
between axial and radia resolution, sendtivity and image capture rate. Existing PTL ECT
systems can be used with sensors having 2 to 16 eectrodes. The dectrodes normally occupy
most of the circumference of the sensor and as the measurement sensitivity depends on the
surface area of the sensor electrodes, the same sensitivity can be achieved with either a small
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number of short electrodes or alarger number of longer electrodes. If the number of electrodesis
increased, the radia resolution will be improved, while a reduction in the length of eectrodes
will give better axial resolution. As measurements are made between each electrode and every
other electrode, there are E(E-1)/2 possible unique capacitance measurements per image for a
system with E measuring electrodes (corresponding to 66 individua measurements for a 12
electrode sensor). It follows that more measurements will be required to collect data for each
image as the number of electrodes is increased, and hence the speed of data capture will be
reduced as the number of electrodesisincreased.

2.6 Electrode Numbering Convention

By convention, electrodes are numbered anticlockwise, starting in the first quadrant above the
horizontal. So for a 12 eectrode system, electrode 1 lies in the sector from 0 to 30 degrees,
electrode 2 in the sector from 30 to 60 degrees and so on as shown in figure 1.

2.7 Typical Inter-Electrode Capacitance Values

Figure 6. Measured inter-electr ode capacitancesfor a 12-electrodee sensor

The values of measured inter-electrode capacitances for a typical 12-electrode sensor containing
ar are shown in figure 6. These figures were measured using a 50 cm diameter sensor having
relatively long external measurement e ectrodes (10 cm). The sensor did not contain driven guard
electrodes. Although there are 66 possible unique values of inter-electrode capacitance, these
reduce to a set of 6 generic capacitances (C1-2, C1-3. ...... C1-6) as long as the sensor is
symmetrical and is either empty or is filled with a uniform materia. Note that C1-2 means the
capacitance measured between electrode 1 and eectrode 2 etc..
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From the results shown in figure 6, it can be seen that there is a wide range of values for the
inter-electrode capacitances, ranging from a high figure of 500fF for adjacent electrodesto alow
value of 10fF between opposite eectrodes. These values were measured with the sensor
containing air and will normally increase if any other dielectric material is introduced into the
Sensor.

Note that an assymetrical capacitance distribution has occurred because the sensor measured
used a pcb foil construction (see chapter 2.8) with the join between eectrodes 1 and 12. Small
errors in the inter-electrode gap cause large errors in inter-electrode capacitance values and it is
therefore preferable to locate the join along the centre of an electrode for this reason. As a
generd rule, it isnormally preferable to print an extra electrode on the pcb foil and make the join
in the centre of one of the el ectrodes to avoid this problem.

This wide range of standing capacitances causes problems for the capacitance measuring unit,
which will normally have an upper and lower limit for the range of measurable capacitances
(Cmax and Cmin). In the case of both the TFLR5000 and PTL DAM200 units, the upper
measurement limit Cmax is 2000fF and the lower [imit Cmin is approximately 0.1fF for the
DAM200 and 0.01fF for the TFLR5000.

The vaue of the standing capacitance between adjacent electrodes can be reduced either by
simply increasing the spacing between the electrodes (at the expense of reducing the capacitance
between al electrodes per unit length) or by the combined effects of an earthed axia screening
track placed between the electrodes and the presence of an externa circumferentia earthed
screen. Experience has shown that for typical sensors, with an earthed axial screening track and
an outer screen located approximately 0.5cm from the electrodes, the capacitance between
adjacent dectrodes is approximately halved compared with the vaue in the absence of the
screens. However, this produces little effect on the capacitance between non-adjacent el ectrodes.

Typica capacitances for a 12 electrode sensor with suitable driven guard electrodes (see design
rules 4.4 and 4.5) are approximately 100fF per cm of eectrode length (K1) between adjacent
electrodes and 1 fF/cm (K2) between opposite electrodes. For an 8 dectrode sensor, the
capacitance per unit length between adjacent electrodesis similar to that for 12 electrode sensors,
ie around 100fF/cm, however, the capacitance per unit length for opposite electrodes increases to
around 2 fF/cm.

2.8 Electrode fabrication

A typical electrode arrangement for a single plane 8 electrode sensor with driven guard
electrodes is shown in figure 5. The eectrodes are fabricated using photolithography techniques
from flexible copper-coated plastic laminate which is etched with the required electrode pattern
and then wrapped around the outside of the pipe or vessd. Figure 7 shows an image of an
unrolled electrode laminate. The black areas are copper foil and the white lines represent
insulating gaps between the electrodes. The 8 measurement electrodes are in the centre of the
sensor and driven guard electrodes are located at each end of the measurement electrodes. Axid
and circumferential conducting strips separate the sets of electrodes and are connected to earthed
areas at each end of the sensor. Note that the laminate contains 9 sets of electrodes to alow for
thejoin.

The driven guard el ectrodes at the ends of the measurement electrodes must be interconnected by
short lengths of insulated wire, connected to each driven guard electrode. The coaxia connecting
leads for the guard electrodes then only need to be connected to one electrode of each pair of
guard eectrodes.
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One material which has been used successfully by PTL for electrode fabrication is flexible
single sided FR4 glass fibre laminate of thickness 0.2mm clad on one side with 35 um copper
foil (10z2).

Figure7. Typical eectrodelayout for an 8-electrode sensor

The laminate is attached to the outside of an insulating pipe with the copper foil on the outside
and connections are soldered to the measurement electrodes and guard electrodes using coaxia
connecting leads. The two sets of guard eectrodes must be interconnected using lengths of
insulated wire which pass over each measurement electrode. Further detailed information about
sensor fabrication isgiven in Annex 1.
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2.9 Lengths of Measurement and Guard Electrodes

The image produced by an ECT system is derived from the capacitances measured between the
sensor electrodes. As these capacitances are proportional to the surface area of the electrodes, the
measurement electrodes must have a finite length Lm. The image is therefore derived from
capacitance measurements averaged over the length of the electrodes and it follows that an ECT
system can not produce images with very high axia resolution because of the need to have
electrodes of finite length.

In an idea ECT sensor, the eectric field lines will be norma to the sensor axis. However, if
electrodes are used which are short compared with the diameter of the sensor, the field lines will
spread out at the ends of the measuement e ectrodes. Thiswill have two consequences:

1. The capacitance measured between electrodes will be reduced and hence the measurement
sengitivity will also be reduced.

2. The axid resolution of the sensor will be degraded because of the axia spreading of the field
lines at the end of the sensor.

This problem can be virtually eliminated by the use of driven guard electrodes at each end of the
measuring electrodes as described previoudy. Experiments have been carried out to establish the
required length for guard electrodes Lg. Figure 8 shows how the length of guard electrodes
increases the capacitance measured between two electrodes of length 1cm in an 8 eectrode
sensor of diameter 15 cm, with driven guard electrodes of equa length Lg at each end of the
measurement electrodes. It can be seen from figure 8 that when Lg equals the sensor radius, the
capacitance measured between opposite electrodes is approximately 60% of the maximum
possible value (which can only be realised with infinitely long guard electrodes).

Figure 8. Opposite capacitance values as a function of electrodelength
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2.10 Electrogtatic charge precautions

As ECT sensors often contain dielectric materials which are in motion, there is a high
probablility of eectrostatic charge accumulating on the measuring electrodes, resulting in the
development of high voltages between the electrodes and earth. These voltages could easily
damage the sensitive electronic circuitry in the capacitance measuring unit and precautions must
be taken to prevent excessive voltages from becoming established on individual electrodes. This
Is done in practice by connecting discharge resistors (of value 100K - 1M Ohm) between each
individual measuring and guard electrode and earth. The discharge resistors must be integrated
into the sensor itself (not the capacitance measuring unit).

3. SENSOR PERFORMANCE
3.1 Sengitivity to permittivity perturbations

The sengitivity of an ECT sensor to small changes in permittivity inside the sensor varies with
the radia position of the perturbation and is aso afunction of the size of the perturbation and the
magnitude of its permittivity change. Circular ECT sensors have maximum sensitivity near the
sensor wall and minimum sensitivity at the centre of the sensor.

3.2 Axial and Orthogogonal Resolution.

Provided that adequate driven guard electrodes are used, the axia resolution achievable with a
given sensor will be approximately equal to the axial length of the measuring electrodes.

It is more difficult to define the orthogona resolution (ie the resolution across a diameter)
because the sensitivity of the sensor to a minor perturbation in permittivity varies along the
diameter as described in the previous chapter. As arule of thumb, the orthogonal resolution will
be approximately equa to D/E where D is the diameter of the vessal and E is the number of
measurement electrodes placed around the circumference of the sensor.
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4. SENSOR DESIGN RULES
Thissection lisssa number of practical rulesfor designing effective ECT sensors.

4.1 Internal or external electrodes

If the vessel wall is metdlic, internal electrodes must be used. If the vessal wall is made of an
insulating materid, the electrodes can be placed either insde or outside the vessel wall. A sensor
with internal electrodes will be more linear than one with interna e ectrodes, but the design and
construction of sensors with internal electrodes is considerably more complex than that for
sensors with external electrodes.

4.2 Number of electrodes.

In principle, a sensor with a larger number of eectrodes will give superior cross-sectiona
images, provided adequate signal/noise ratios, frame capture speed and axia resolution can be
achieved. For the best axia resolution, a smaller number of short measurement e ectrodes
should be used, as the axia resoultion will be approximately equa to the length of the
measurement electrodes. For the best resolution across the image plane, a large number of
longer measurement electrodes should be chosen. The orthogona resolution will be
approximately D/E where D is the sensor diameter and E is the number of measuring electrodes.

If the tube wall thickness is greater than around 5% of the tube diameter, there is a danger that
the adjacent capacitance values will decrease as the permittivity of the material inside the sensor
increases. This is more likely to occur for sensors with larger numbers of electrodes. The
software desribed in chapter 6 of Volume 4-4 can be used to check sensor designs for this
problem.

4.3 Maximum and minimum inter-electrode capacitance val ues..

For a sensor to be able to image materials having permittivities in the range from alower vaue
of E1 to an upper value of E2, with a measurement system which can measure capacitance over
arange from Cmin to Cmax, the sensor should be designed so that:

The capacitance measured between adjacent electrodes, with the sensor containing the lower
permittivity material (K1), must be less than Cmax.( K1/K2). Thisis necessary to alow the
capacitance when the sensor is full of the higher permittivity material (K2) to be less than the
maximum measurable value Cmax.

The capacitance measured between opposite electrodes with the sensor containing the lower
permittivity material must not be less than A.Cmin, where A is a constant (typically 50)
This ensures that a relatively noise-free measurement of the opposite eectrode capacitance
can be made.

These capacitance values can be trandated into equivaent eectrode lengths using the typical
figures for capacitance per unit length for adjacent and opposite electrodes (K1 and K2) given in
section 2.7.

4.4 Total electrode length

The total eectrode length Lt (including the measurement and driven guard electrodes, but
excluding the earthed end regions) should normally be at least equal to the diameter of the vessel
to be imaged as discussed in section 2.9. A larger value for Lt will further increase the sensitivity
of the sensor.
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4.5 Lengths of measurement and guard e ectrodes

The minimum usable length of measuring electrodes is Lmin = Cmin/K2 and the maximum
length Lmax is Cmax/K1, where Cmin and Cmax and the values for K1 and K2 are those given
in section 2.7. Thiswill define the range of possible lengths for the measurement electrodes. The
final choice will need to be made on the basis of the required axia resolution and measurement
sensitivity.

Once the length of the measurement electrodes has been chosen, the length of the guard
el ectrodes can be evaluated using the following equation:

Lt=Lm+2Lg.

where Lt is the total electrode length (section 4.4), Lm is the length of the measurement
electrodes and Lg is the length of the driven guard e ectrodes.

4.6 Screening arrangements

The measuring electrodes must be completely surrounded by an earthed, metal screen and the
measuring and guard eectrodes must be connected to the measuring unit by screened coaxia
connecting leads. For the PTL DAM200 unit, the maximum capacitance between any measuring
electrode and the earthed screen should not exceed 200 pF. It should be noted that this figure
includes the capacitance of the coaxia connecting leads (100pF per metre length).

The external scren can take a number of forms.
If a metallic tube of a convenient sizeis available, then this can be used directly.

If a plastic tube is available, it can be used by lining it either internaly or externdly with a
conducting materia. For experimenta work, self-adhesive copper tapeis suitable.

The screen can also be formed from a flexible copper sheet wrapped around the sensor and held
in place with cableties.

In all cases, the externa screen must be connected electrically to the earthed region of the sensor
foil. The preferred method to ensure good high-frequency operation is to use metal spacers for
the screen so that the sensor screen is continuoudly connected to the sensor earthed regions
around the circumference of the sensor.

4.7 Connecting leads

The measurement and guard electrodes must be connected to the capacitance measuring unit by
screened coaxia cables (recommended type RG174), terminated in SMB coaxia connectors.
The maximum length of connecting lead should not exceed 1.5 metres. The inner conductor of
each coaxia cable should be connected to the pcb e ectrode and the outer braid of the cable must
be connected to an earthed area of the pcb laminate.  Minimise any unsceened leads lengths and
keep them away from electrodes which are not in the same set of measurement and driven guard
set of electrodes to avoid high capacitances to adjacent electrodes.
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4.8 Electrostatic precautions

Each measurement and guard electrode must be connected to an earthed area on the sensor
laminate by an individua discharge resistor. Suitable values of resistor are IMohm, 0.25 Watts.
5. PRACTICAL VALUES

From experience gained to-date with the PTL300 and TFLR5000 ECT systems, we suggest the
following minimum lengths should be used for measurement and guard €l ectrodes:

No of electrodes Minimum length of Total electrode length
measur ement electrodes including guard electrodes
cm cm
6 25 D
8 35 D
12 5 D

where D isthe diameter of the sensor. Improved sensitivity will occur by increasing either the
length of the measurement or gurad electrodes or both of these.
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6. HIGH FREQUENCY SENSOR DESIGN CONSIDERATIONS

6.1 OVERVIEW

The TFLR5000 capacitance measurement unit uses square wave excitation at a range of
frequencies between 1 and 10MHz to carry out the capacitance measurements. These signals
contain significant harmonic components up to around 1000MHz and so the design of the ECT
sensor must alow the sensor to function effectively at these frequencies. This means that special
attention must be paid during the design of the sensor to effective grounding, screening and
impedance matching.

6.2 PRACTICAL SENSOR DESIGN RULESFOR HIGH FREQUENCY OPERATION

1. Use grounded axia screening tracks of width 5mm, with insulating gaps of 1mm between
electrodes.

2. If excessive adjacent electrode capacitances are likely to be a problem, use radia screening
fins soldered to the axia tracks to minimise the capacitance between eectrodes caused by
electric field paths outside the tube circumference.

3. Use grounded circumferential screening tracks of width 2.5mm and insulating gaps of 1mm
between electrodes

4. Print one extra set of dectrodes on the PCB laminate and make the join at the centre of one
electrode. Use offcuts from the laminate as a bridging piece for the join, as described in Annex 1.

5. Ensure good earth grounding al around the sensor between the external metal screen and the
sensor ground plane.

6. Use coaxid leads of the correct impedance (50 Ohms) up to the el ectrodes insde the sensor.
7. Terminate the coaxial lead grounds to one end region ground plane area.

8. If sengitivity to changes in connecting lead positions occurs, bundle leads using spira
wrapping or other suitable means to keep them close together.

6.3 EXAMPLE OF ECT SENSOR DESIGN

Annexes 1 and 2 illustrate the construction pf a single-plane 8-electrode sensor with driven guard
electrodes.
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ANNEX1
EXAMPLE SENSOR DESIGN
This section describes one method for fabricating an ECT sensor for use on a 140mm OD
perspex tube.
AN1.1 ELECTRODE DESIGN PARAMETERS

AN1.1.1 Electrodelengths

With effective guarding, the required axial length of each the measurement electrode is
approximately 38mm for an 8-electrode sensor.

The tota length of the driven guard and measurement e ectrodes must have a minimum value
equa to the externa tube diameter (140mm nominal). This requires a a minimum length for the
driven guard electrodes of (140 - 38)/2 = 51mm.

The space needed at each end of the sensor for the end ring assembliesis 50mm.

So the overall sensor length will be approximately 2 x (50 + 51) + 38 = 240mm. In practice,
alowing for the use of dightly longer electrodes, insulating gaps and circumferentia earthed
guard tracks, the actua sensor length will be approximately 260mm.

AN1.1.2 Electrode PCB design

Tube OD = 139.5mm = 5.5 inches nominal

Tube ID = 126.5mm = 5 inches nominal

Tubewall = 6.4mm = 0.25 inches nomina

Allowing for one layer of 80gsm paper (0.1mm) and one layer of PTFE sheet (0.25mm), the
effectivetube OD is139.5 +2 x 0.1 + 2 x 0.25mm = 140.2mm

Adjusting normalised dectrode width to get an axia guard width of 0.2inches, the PCB design
parameters are as follows:
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NUMBER OF ELECTRODES 8

TUBE OD =140.2mm TUBE ID =126.5mm NORMALISED RADIUS = 0.90228245
ELECTRODE PITCH = 55.0563647mm = 2.16757342 inches

ELECTRODE WIDTH = 47.8990373mm = 1.88578887 INCHES

AXIAL GUARD WIDTH =5.15732742mm = 0.20304439 INCHES

INSULATING GAPS=1mm =0.39370079-1 INCHES

NORMALISED WIDTHS: ELECTRODES 0.87 GUARDS 0.93673591e-1
MEASUREMENT ELECTRODE LENGTH =40 mm = 1.57480315 inches

INITIAL HORIZONTAL LINE SPACING IS 48.8990373mm = 1.92515895INCHES

AN1.1.3 Summary of design data

Number of eectrodes 8

M easurement electrode length = 40 mm

Outer driven guard electrode lengths: 53mm

Insulating gaps = 1mm

Tube od = 140mm tubeid = 127mm

Electrode pitch = 55.1mm

Electrode width = 47.9mm

Axia earthed guard width = 5.16mm

Radia earthed guard width = 2mm

Normalised widths. electrodes 0.87 axia guards 0.094
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AN1.2 ELECTRODE ASSEMBLY

The electrode assembly was fabricated using a single flexible printed circuit foil (Sngle sided FR4
glass fibre fabric of thickness 0.2mm) clad on one side with 35 um copper foil (10z), which is shown
in diagrammatic form in figure AN1.2 and forms the required capacitance electrode array. A
spacer, condsting of a single layer of 80GSM paper and a sheet of PTFE of thickness 0.25mm,
was placed around the polycarbonate tube, to ensure a working clearance and to provide a heat
shield during soldering operations. The electrode foil was then wrapped around the PTFE-
covered tube, with the electrodes on the outside.

Each eectrode is connected to ground by a 1 Mohm resistor to prevent any build-up of static
electric charge on the electrodes.

Figure AN1.1. Sensor electrodefoil and end rings mounted on tube

Figure AN1.1 shows the electrode assembly with connecting leads, screens and discharge
resistors, prior to fitting the externa screens.

A cylindrical stainless steel cylinder forms the outer screen of the sensor. This is suported on
radial clamps attached to end rings at each end of the sensor. Full details of the sensor
mechanical assembly are given in Appendix 2.

AN13ELECTRODE LAYOUT

The basic electrode configuration for the sensor is shown in figure AN1.2, which shows the PCB
foil containing 8 sets of equi-spaced electrodes (plus one spare set). The cylindrical electrode
array is formed by wrapping this pcb foil around the outer wall of the tube. Each electrode set
contains 2 driven guard electrodes (DG1, DG2 ) and 1 measurement electrode (M). There are
also earthed regions (E) at the ends of each electrode set and also between eectrodes (both
axidly and radialy).
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Figure AN1.2. Electrode configuration
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AN1.4ELECTRODE FOIL ASSEMBLY NOTES

The following notes describe how the e ectrode array was assembled. The photos show a
different sensor but the same principle was used.

AN1.4.1 Mounting dectrodes on tube
1. Cut tube to length.

2. Place asheet of A3 paper around the outside of tube to form acylinder and fix in position
with sell otape.

3. Place a similar cylinder of 0.25mm PTFE sheet around the tube over the paper and tape in
position.

4. Cut sensor electrode PCB foil to approximate size, temporarily locate electrode foil over PTFE
sheet and mark overlap point.

5. Remove foil and cut around 1mm short.

6. Wrap electrode foil around PTFE sheet and secure under tension with PV C tape, see LHS of
figure ANL1.3.

Figure AN1.3 Overlap join details

6. Cut bridging piece from electrode foil off-cut and apply Double-Sided adhesive tape to non-
copper side.

7. Lay over join over PV C tape but do not press down. This ectrode becomes electrode 8 (or
last electrode).

8. Starting at one end, solder stitch electrode 8 el ectrode ends together over bridging piece using
Imm"2 tinned copper wire. Pull electrode ends together before making second solder joint.
Remove PVC tapes 1 piece at a time as you progress aong sensor. FigureAN1.3 shows the
sensor during the stitching process and figure AN1.4 shows the eectrode foil following
completion of the solder stitching.
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Figure AN1.4. Electrodefoil at completion of solder stitching

4.4 |INTERNAL WIRING

1. Interconnect driven guard electrodes.

2. Connect 1 MOhm discharge resistors between el ectrodes and ground (2 sets of 8).

3. Make 4 off 7mm diameter O rings of cut length 45cm and apply as shown in figure AN2.3.

4. Fix 4mm solder tags to insides of radia spacers (3 each per spacer) using 4mm screws and
lock washers.

5. Prepare and make off ends of coaxid leads. Connect coax innersto eectrodes and outers to

earthed end regions. Use cable ties to secure leads to solder tags as shown in figure AN1.1.

See section AN2.3 for further detailed construction and wiring information.
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ANNEX 2.

AN.2 MECHANICAL DESIGN NOTES

AN2.1 OVERVIEW

The sensor is designed and constructed to alow it to dide aong the outside of a 140mm OD

perspex tube. The sensor is constructed using a flexible epoxy-glass/copper laminate, two end
plate assemblies and an external screen.

AN2.2 END PLATE ASSEMBLIES

End plates (2-off)

Figure AN2.1 End platedrawing

Each end plate supports a set of radia clamp end rings. There are 3 dotted holes in these plates,
which alow the end rings to dide radialy so that they can be clamped down onto the tube.
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Radial clamp end rings (2 sets)

Figure AN2.2 End ringdrawing

Each end ring is cut into 3 sections to fit precisely onto the tube. The end rings contain a number
of equi-spaced tapped M4 through holes. These are for mounting solder tags on the inside face to
alow the end rings to be connected electrically to the ground plane. 3 of these holes on the outer
face are dso used to locate the end rings in postion on the end plates (see below).
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Figure AN2.3 Photographs of end ring assembly
AN2.3 MECHANICAL ASSEMBLY
The end ring assembliesfit over the tube and support 3 adjustable radial clamps which locate the
end rings in position on the sensor PCB fail. The radia clamps are secured to the end rings by
M4 screws which arelocated in radia dotsin the end rings.
Three earth tags are fixed to each radial clamp by M4 screws and are soldered to the electrode
foil ground plane during sensor assembly. A cylindical outer screen, fabricated from 0.7mm
stainless steel sheet as an open cylinder, is supported on the outside of the radia clamps and is
held in podstion by two externd band clamps. These clamps must not be over-tightened,
otherwise the tube may distort or be damaged.
The following notes describe how the mechanical parts of the sensor were assembl ed.
1. Loosely assembleradia clampsto end rings.
2. Locate Oringsin dotsinradial clamps.
3. Expand clamps to maximum diameter and lock in position using M4 screws
4. Locate clamp rings over electrode foil at each end of sensor.
5. Release M4 screws to alow clampsto grip the PCB/tube

6. Adjust end ring spacing to suit length of external screen.

7. Bend down solder tags to touch PCB end regions and solder ends of tags to PCB to alow
some radia adjustment.

8. Install coaxia connecting cables, group and secure using cableties to solder tags.

9. Pass cables through grommetted hole in outer screen, locate screen over radia clamps and
temporarily hold in position with cableties.

9. Apply band clamps to outside of external screen at each end. Position screw of band clamp
above oneradia clamp and tighten carefully to avoid fracturing the tube,

10. Tighten M4 screws.
V1-6-47



